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ABSTRACT 
An experimental investigation evaluating the effects of flow control on the near-wake 
downstream of a blunt-based axisymmetric body in supersonic flow has been conducted. To better 
understand and control the physical phenomena that govern these massively separated high-speed flows, 
this research examined both passive and active flow-control methodologies designed to alter the stability 
characteristics and structure of the near-wake. The passive control investigation consisted of inserting 
splitter plates into the recirculation region. The active control technique utilized energy deposition from 
multiple electric-arc plasma discharges placed around the base. The flow-control authority of both 
methodologies was evaluated with experimental diagnostics including particle image velocimetry, 
schlieren photography, surface flow visualization, pressure-sensitive paint, and discrete surface pressure 
measurements. 
Using a blowdown-type wind tunnel reconstructed specifically for these studies, baseline 
axisymmetric experiments without control were conducted for a nominal approach Mach number of 2.5. 
In addition to traditional base pressure measurements, mean velocity and turbulence quantities were 
acquired using two-component, planar particle image velocimetry. As a result, substantial insight was 
gained regarding the time-averaged and instantaneous near-wake flow fields. This dataset will supplement 
the previous benchmark point-wise laser Doppler velocimetry data of Herrin and Dutton (1994) for 
comparison with new computational predictive techniques.  
Next, experiments were conducted to study the effects of passive triangular splitter plates placed 
in the recirculation region behind a blunt-based axisymmetric body. By dividing the near-wake into 1/2, 
1/3, and 1/4 cylindrical regions, the time-averaged base pressure distribution, time-series pressure 
fluctuations, and presumably the stability characteristics were altered. While the spatial base pressure 
distribution was influenced considerably, the area-integrated pressure was only slightly affected. 
Normalized RMS levels indicate that base pressure fluctuations were significantly reduced with the 
addition of the splitter plates. Power-spectral-density estimates revealed a spectral broadening of 
fluctuating energy for the 1/2 cylinder configuration and a bimodal distribution for the 1/3 and 1/4 
cylinder configurations. It was concluded that the recirculation region is not the most sensitive location to 
apply flow control; rather, the shear layer may be a more influential site for implementing flow control 
methodologies.  
For active flow control, pulsed plasma-driven fluidic actuators were investigated. Initially, the 
performance of two plasma actuator designs was characterized to determine their potential as supersonic 
flow control devices. For the first actuator considered, the pulsed plasma jet, electro-thermal heating from 
an electric discharge heats and pressurizes gas in a small cavity which is exhausted through a circular 
orifice forming a synthetic jet. Depending on the electrical energy addition, peak jet velocities ranged 
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between 130 to nearly 500 m/s when exhausted to quiescent, ambient conditions. The second plasma 
actuator investigated is the localized arc filament plasma actuator (LAFPA), which created fluidic 
perturbations through the rapid, local thermal heating, generated from an electric arc discharge between 
two electrodes within a shallow open cavity. Electrical and emission properties of the LAFPA were first 
documented as a function of pressure in a quiescent, no-flow environment. Rotational and vibrational 
temperatures from N2 spectra were obtained for select plasma conditions and ambient pressures. Results 
further validate that the assumption of optically thin conditions for these electric arc plasmas is not 
necessary valid, even at low ambient pressure. Breakdown voltage, sustained plasma voltage, power, and 
energy per pulse were demonstrated to decrease with decreasing pressure. 
Implementing an array of eight electric arcs circumferentially around the base near the corner 
expansion, the LAFPA actuators were shown to produce significant disturbances to the separating shear 
layer of the base flow and cause modest influences on the base pressure when actuated over a range of 
high frequencies (O(kHz)), forcing modes, duty cycles, and electrical currents. To tailor the plasma 
actuator toward the specific flow control application of the separated base flow, several actuator 
geometries and energy additions were evaluated. Displaying the ability to produce disturbances in the 
shear layer, an open cavity actuator design outperformed the other geometries consisting of a confined 
cavity with an exhaust orifice. Increases in duty cycle (between 2% and 6%) and in plasma current (1/4 to 
4 amps) were shown to produce large velocity disturbances causing a decrease in average base pressure. 
At 4 amps and a maximum duty cycle of 6%, the largest measured change in area-weighted base pressure, 
near -1.5%, was observed for the axisymmetric forcing mode. Positive changes in base pressure were 
experienced (as much as 1% increase from the no-control) for the vertical and horizontal flapping modes.  
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CHAPTER 1: INTRODUCTION 
1.1 Background and Motivation 
High-speed separated flows are not fully understood, despite a considerable body of previous 
work. These flows are difficult to predict accurately due to complex fluid dynamic phenomena including 
the presence of shock waves, expansion waves, large flow property gradients, large Reynolds numbers, 
highly compressible turbulent shear layers, and recirculating flow regions. For flow separating from a 
relatively simple geometry such as an axisymmetric blunt body in supersonic flight, this recirculating 
region results in low pressure acting on the rear-facing base which can cause significant aerodynamic 
drag, termed base drag. In-flight base pressure measurements on artillery-fired projectiles have shown 
that up to 35% of the total drag was attributed to base drag.
1
 For the Space Shuttle Columbia, base drag 
accounted for up to 50% of the total orbiter drag during re-entry.
2
 
In order to address the practical challenges of base drag, a better understanding of the base 
flowfield must first be established. Knowledge of how the fluid dynamic mechanisms interact in the near-
wake region behind bodies of revolution is crucially important for predicting high-speed projectile and 
flight vehicle performance. Additionally, this knowledge may lead to the ability to control these flows in 
such a way as to achieve drag reduction as well as to enhance vehicle stability and control. It is the aim of 
this research effort to contribute to this field by experimentally investigating the effects of passive and 
active control on supersonic axisymmetric base flows. Within that context, a passive and two active 
control mechanisms have been studied. 
1.2 Supersonic Base Flow 
Figure 1 is a schematic of the time-mean near-wake flow structure that occurs aft of a cylindrical 
afterbody aligned with supersonic flow. The turbulent boundary layer of the supersonic afterbody flow 
separates at the base corner where a strong expansion is centered. The resulting free shear layer that 
develops after separation is a key component contributing to the near-wake flow. It divides the high-speed 
outer inviscid flow from the lower-speed recirculation region, and it is highly turbulent
3
 and 
compressible.
4
 As the shear layer approaches the axis of symmetry in the near-wake region, a 
recompression process occurs as the flow realigns itself with the axial freestream flow direction. The base 
pressure is inherently set by the entrainment characteristics of the shear layer. The fluid that has been 
entrained from the recirculation region but cannot overcome the adverse pressure gradient set by the 
recompression waves near the rear stagnation point returns to the base. The recirculation region has been 
found to be quite energetic with velocities up to approximately 150 m/s and Mach numbers up to about 
0.5 in typical applications.
3
 Therefore, the inner edge of the shear layer is bounded by a dynamic, 
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turbulent, subsonic recirculating flow and is not the “dead-air” region envisioned in the original 
component models of this flow.
5,6
 
 
Figure 1. Schematic of the mean near-wake flow field for blunt cylindrical afterbody. 
It must be emphasized that the representation of the high-speed separated base flow in Figure 1 is 
a significantly simplified, time-averaged illustration. In actuality, these flows are particularly unsteady, 
and on an instantaneous basis are comprised of large-scale turbulent structures
7
 with appreciable flapping 
and convolution of the shear layer and trailing wake.
8
 It has been shown that large turbulent structures 
dominate this flow, particularly in the latter stages of the free shear layer and in the recompression and 
reattachment regions near the rear stagnation point. Controlling these large structures and the fluid 
dynamic instability mechanisms that produce them is the overlying theme of the present dissertation, as 
this has the potential for controlling the mass entrainment from the recirculation region into the shear 
layer and thus the base pressure. 
1.2.1 Experimental Studies 
Lamb and Oberkampf
9
 supply a comprehensive review of experimental studies recording base 
pressure in supersonic and hypersonic flight. Using free-flight and wind tunnel data and theoretically 
based correlation parameters, empirical base pressure and heat transfer predictions were developed. The 
review by Dutton et al.
10
 summarizes previous experimental base flow work through the mid-1990s. Early 
investigations focused on surface and pitot pressure measurements, similar to those conducted by 
Badrinarayanan,
11
 in addition to surface flow visualizations. Hot-wire anemometer measurements 
provided mean and turbulence data of the approach flow, shear layer, and developing wake; however, due 
to probe interference effects, the recirculation region was avoided.
12
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Recirculation
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Expansion Waves
Rear Stagnation Point
Trailing Wake
Boundary Layer
Free Shear Layer
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Laser Doppler Velocimetry (LDV) provided a non-intrusive diagnostic capable of obtaining 
ensemble-averaged mean velocity and turbulent fluctuation measurements, including reverse velocities 
observed in the near-base region. LDV was successfully used to document the near-wake of a subsonic 
(Mach 0.85) axisymmetric base,
13
 a supersonic two-dimensional base,
14
 and a supersonic small diameter 
(1/4”) axisymmetric sting.15 Herrin and Dutton3 provided the first well-documented, detailed experimental 
data of the near-wake flowfield for axisymmetric cylinders in supersonic flow. These two-component 
LDV measurements, in addition to mean, static base pressure measurements have proved to be the 
experimental dataset for computational axisymmetric base flow prediction validation for nearly the last 20 
years. LDV data highlighting the effects of the rapid expansion have shown that the Reynolds stresses and 
turbulence production along the outer edge of the shear layer are suppressed due to bulk dilatation and 
streamline curvature. Conversely, along the inner edge, turbulence activity (streamwise normal stresses 
and shear stresses) increase as a result of low-speed mass-entraining, large-scale structures.
16
 Further 
downstream in the recompression and reattachment regions, “extra” rates of strain on the shear layer are 
observed. The stabilizing influence of lateral streamwise convergence overpowers the effects of bulk 
compression (associated with the adverse pressure gradient) and concave streamline curvature as 
indicated by significantly decreased Reynolds stresses.
17
 
Being a point-wise velocimetry technique, LDV is not suitable for directly investigating large-
scale flow structures or spatial coherence of unsteady velocity fluctuations. A planar, full-field 
measurement technique must be employed to document these parameters and to better understand the 
spatial flow organization. Particle image velocimetry (PIV) is a well-established technique suited for such 
measurements; however, few comprehensive experiments have been published for high-speed, separated 
base flows. Scarano and van Oudeusden
18
 presented PIV measurements of a compressible flow (Mach 2) 
in the wake of a two-dimensional blunt base. Spatial distributions of mean velocity revealed the centered 
corner expansions, recirculation region, developing shear layers, reattachment, recompression, and 
trailing wake. Both streamwise and transverse turbulence intensities were shown to reach maximums near 
the mean reattachment point. Fluctuations in the rear stagnation point location suggested that the 
recirculation region experienced unsteadiness, primarily as a pumping (streamwise) motion, in addition to 
a flapping (vertical) motion.  Unfortunately, PIV-related problems such as particle (solid titanium dioxide, 
Ti02) response, sub-optimal spatial resolution, poor seeding density in the recirculation region, small 
ensemble size, and pixel peak-locking during the cross-correlation analysis were experienced by the 
authors. Furthermore, velocity measurements closer than 10 mm (x/R<=1) to the model surface were not 
reported due to laser reflections from the base model. 
The aforementioned diagnostic problems were resolved in subsequent experiments examining the 
effects of compressibility on the organized global dynamics of the same two-dimensional planar base 
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flow.
19
 PIV measurements, in combination with proper orthogonal decomposition (POD) data processing, 
were used to characterize the near-wake behavior and unsteady flow organization. With increasing 
compressibility (facilitated by increased freestream Mach number), the predominant mode evolved from a 
flapping motion of the wake to a pulsating motion aligned with the wake axis. These global modes were 
observed to influence the distribution of the turbulence quantities and to significantly affect the 
recompression shock wave system. Results indicated that as compressibility increased, the redeveloping 
wake narrowed, turbulent mixing became increasingly spatially confined, the maximum transverse 
turbulence intensity moved upstream toward the mean reattachment location, and the local maximum 
turbulence properties decreased. 
An experimental study of supersonic separated flow over an axisymmetric step with a centered 
exhaust nozzle was performed by van Oudheusden and Scarano.
20
 For freestream Mach numbers of 2 and 
3 with an under-expanded jet at Mach 4, PIV data were presented highlighting mean velocity and 
turbulence quantities. Despite being plagued with model support interference effects and significant 
variations in seeding distribution (low levels in the recirculation region and poor uniformity in the 
freestream), the in-plane, sum-root-mean turbulence intensity is reported, with a maximum of 22% close 
to the separated region reattachment point (rear stagnation point). In another study, high-repetition-rate 
(up to 4 kHz) PIV experiments investigating the boundary layer and recirculation area of a rear sting-
mounted rocket model were recently attempted, covering Mach numbers up to 2.6.
21
 The rear sting served 
as the exhaust nozzle body and provided a solid surface for the separated flow to reattach to, drastically 
altering the fluidic interactions within the recirculation region compared to the conventional blunt base 
configuration. Limited supersonic results are reported, including mean velocity and Reynolds shear stress 
distributions which suggested an open wake. Moreover, no distinct development of the shear layer could 
be shown due to inadequate laser sheet placement. 
Most relevant to the current study, DeBlauw
22,23
 successfully conducted PIV experiments 
measuring the velocity in the near-wake of an axisymmetric base flow at Mach 2.5. For similar nominal 
flow parameters, the ensemble-averaged PIV data (less than 1000 image pairs) compared well with Herrin 
and Dutton’s3 previous LDV data, including mean freestream and centerline axial velocities and the 
locations of the rear stagnation point and maximum centerline reverse velocity. Slight flow asymmetry 
was reported, resulting in deviations in turbulence intensities and Reynolds shear stresses across the 
model centerline. Full-field velocity contours revealed that the instantaneous recirculation flow field does 
not replicate the time-averaged flow field. That is, on an instantaneous basis, the axial cross-section of the 
recirculation region oftentimes did not form two symmetric and equally-sized vortices (as shown in the 
idealized Figure 1). Instead, a global flapping motion was observed with an asymmetric bimodal behavior 
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that transferred fluid from one shear layer to the other. Elevated turbulence intensities in the shear layer 
are attributed to this crossflow behavior. 
In addition to quantitative mean velocities, turbulence intensities, and Reynolds stresses obtained 
from velocimetry techniques, flow visualization techniques have proved valuable to further understanding 
of the turbulence in the developing shear layer by identifying and tracking instantaneous turbulent 
structures. Using a planar laser sheet Mie scattering technique to investigate the spatial evolution of the 
dominant large-scale structures, the size, shape, and orientation of the structures have been documented 
for planar
24
 and axisymmetric
7
 supersonic base flows and for compressible mixing layers.
25-27
 Fed by 
pressure fluctuations in the freestream and recirculation region, Smith and Dutton
24
 reported unsteady 
shear layer displacements to be approximately one third of the local shear layer thickness for the planar 
case. Large-scale turbulent structures, which are formed immediately downstream of the base separation 
point in the shear layer, endure through the recompression, reattachment, and wake development. These 
structures are typically elliptically shaped, become more eccentric and skewed in the streamwise direction 
as they negotiate through the recompression region, and entrain mass from the low-speed fluid behind the 
base.
7
 Flapping and pulsating motions (acquired from the side-view and end-view respectively), in 
addition to convolution of the interface between the freestream and recirculation/ wake regions, have been 
shown to pronouncedly increase with downstream position.
8
 
Clearly with the dynamic nature of the recirculation region, quantitative data providing time-
series and spectral (frequency-dependent) information is important to determine the flowfield 
mechanisms that influence the fluctuating pressure fields in supersonic base flows. Early experimental 
studies measuring fluctuating base pressures of axisymmetric blunt-based bodies in supersonic flow were 
either strut- or downstream sting-supported.
28,29
 Despite the possibility of being affected by adverse 
disturbances caused by the struts or stings, Shvets
29
 reported a decrease in RMS base-pressure 
fluctuations normalized by the freestream dynamic pressure for increasing Mach number (Mach 1.4 and 
3). Janssen and Dutton
30
 later reported results at Mach 2.46 that were consistent with those of Shvets. 
Additionally, power spectral density (PSD) estimates indicated that a significant portion of the fluctuating 
energy experienced at the base was centered at 850 Hz. The possible mechanism responsible for this 
dominant peak was attributed to recirculation region pulsing or shear layer flapping, while the higher 
frequency content was suggestive of the large-scale structures present in the shear layer.  Time-series base 
pressure measurements in conjunction with simultaneous planar Mie scattering visualizations correlated 
fluctuations in base pressure with the recirculation region size.
31
 
1.2.2 Numerical Studies 
Owing to the importance of understanding the fundamental flow physics as well as for 
engineering predictions, numerical simulations of these high-speed separated flows have been performed 
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for more than 30 years. Complexities of the flow field lead to a challenging numerical endeavor, however. 
Continuing improvements in computational capabilities, including computer memory size, processor 
speed, parallelization, and improved numerical methods, facilitate attempts to solve the Navier-Stokes 
equations for this complex flow field. Reynolds-averaged Navier-Stokes (RANS) simulations
32-38
 have 
been shown to predict mean base pressure and some basic flow features reasonably well; however, they 
have proved unsuccessful for predicting base pressure spatial distributions, velocity recovery rates in the 
redevelopment region, and fundamentally important quantities including shear layer growth rates and 
turbulent stresses. Large-eddy simulations (LES)
39
 and monotone integrated large-eddy simulations 
(MILES)
40
 have been reasonably successful, but can often still be too computationally expensive for 
separated base flows with realistic Reynolds numbers due to the fine mesh resolution requirements, 
especially near the afterbody and base surfaces. Substantial work has also been performed to combine the 
advantages of both RANS and LES into approaches called LES/RANS hybrid methods,
41,42
 detached eddy 
simulations (DES),
43,44
 zonal-detached eddy simulations (ZDES),
45
 and the flow simulation methodology 
(FSM)
46-48
 to better tackle the base flow challenge. These hybrid computations have shown encouraging 
agreement with previous base pressure (within approximately 10%) and mean flowfield measurements. 
Simon et al.
45
 successfully probed, in an instantaneous sense, the compressible mixing layer and 
recirculation region to capture characteristic frequencies of the flow. A strong pulsing of the flow inside 
the recirculation region, in addition to instabilities in the free shear layer, were shown to cause substantial 
base pressure fluctuations.
42
 Despite these successes, the hybrid computational methods can still struggle 
to accurately predict the turbulent stress fields and tend to be sensitive to modeling constants. 
Fully resolved direct numerical simulations (DNS) at full-scale experimental Reynolds numbers 
are still beyond current computational capabilities. DNS work by Sandberg and coworkers
46-52
 have used 
reduced Reynolds number simulations to gain insight into these flows, particularly how dominant 
instability mechanisms lead to the formation of coherent structures. Reynolds numbers based on base 
diameter (ReD) ranging between 3 10
4
 and 1 105 were one to two orders of magnitude below the 
experimental values of Herrin and Dutton.
3
 Mushroom-like structures observed in these simulations were 
similar in shape and number to those detected in the higher Reynolds number experiments.
7
 This suggests 
that the important hydrodynamic instability mechanisms dominating the flow in the experiments may be 
present and studied by DNS at lower Reynolds numbers. The most recent three-dimensional DNS 
computations using a turbulent approach boundary layer flow at ReD=110
5
 shows good agreement in 
base-pressure coefficient distribution and streamwise velocity along the axis, despite the large disparity in 
Reynolds number.
52
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1.3 Flow Control Methodologies 
1.3.1 Passive Flow Control 
Passive flow control methods are traditionally simple, inexpensive, and require no sensors, logic, 
or energy addition. Established passive technologies, specific to bodies of revolution in supersonic flows 
include boattailing, sub-boundary-layer surface disturbances, and base cavities and have proved to 
influence base pressure, in some cases reducing drag characteristics.  
Afterbody boattailing, involving the slight geometric modification (convergence) of the afterbody 
surface angle, has historically proved to reduce base drag over a range of boattail angles, Mach numbers, 
and Reynolds numbers. In un-powered supersonic flight, conical boattails reduced net afterbody drag by 
up to 30%, compared to a cylindrical afterbody.
53
 A net afterbody drag reduction of 21% was achieved at 
a freestream Mach number of 2.46.
54
 The boattail angle reduced the strength of the base-corner 
expansion, directly influencing the mean velocity and turbulence production in the shear layer. Significant 
reductions of mean shear layer growth rates, and therefore mass entrainment from the recirculation 
region, were reported as a result of decreased turbulence levels throughout the near wake. The mean 
reattachment location moved downstream, consistent with the measured increase in base pressure. Planar 
Mie scattering visualizations confirm lessened turbulence activity with fewer, larger structures and less 
prevalent ejection-type motions, indicating lower entrainment rates.
55
 
Passive control of the near-wake turbulence structures of the separating axisymmetric flow using 
sub-boundary-layer surface disturbances in the form of triangular-shaped tabs
56
 and axisymmetric strip 
tabs
57
 have been investigated. Despite evidence suggesting that much of the organized turbulence present 
in the boundary layer is dampened through the corner expansion fan,
16
 vorticity generated by these 
surface disturbances was shown to survive the expansion process. Both 0.3 mm (0.012 in) and 0.5 mm 
(0.02 in) thickness triangular tabs circumferentially distributed on the afterbody, produced streamwise 
vorticity which enhanced mixing and mass entrainment from the recirculation region, resulting in 
decreased base pressure of up to 10%.
58
 On the contrary, the optimum strip tab disturbance (0.5 mm thick 
ring placed on the periphery of the afterbody, located upstream of the trailing edge) increased base 
pressure by approximately 3% via reduced shear layer growth rates, mixing, and mass entrainment. 
Janssen and Dutton
59
 replicated these time-averaged base pressure trends for similar triangular and strip 
tabs while simultaneously measuring the base pressure fluctuations. Normalized RMS distributions of 
base-pressure fluctuations were observed to increase for the triangular tabs, while decrease for the strip 
tab, further corroborating the previous vorticity claims. 
The use of base cavities (both ventilated and not) have yielded net drag reductions as well.
60
 For 
varying both cavity depth and lip thickness, optimal values were obtained to maximize reductions of base-
drag and net-drag by approximately 2-4%, compared to the cylindrical baseline afterbody. Numerous 
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ventilated cavity configurations were tested with varying degrees of drag reduction. For the case with 
long, circumferential slots, an increase in base pressure of up to 50% was observed; however, total drag 
reduction was significantly smaller owing to appreciable losses caused by the slots. In general, net-drag 
reductions were measured as much as 3-5% for the ventilated cavities.  
Direct numerical simulations
49-51
 have shown that physically altering the near-wake region could 
potentially yield a change in base pressure, alter base drag, and increase flight vehicle performance. 
Specifically, Sandberg and Fasel
49 
conducted DNS simulations of various computational domain sizes aft 
of a cylindrical afterbody (e.g., half-cylinder, quarter-cylinder, etc., up to one-sixteenth-cylinder) to 
highlight large-scale coherent structures for a transitional supersonic flow. By deliberately eliminating 
certain low-order azimuthal (helical) instability modes with these reduced computational domains, mean 
base pressure was shown to increase for an axisymmetric body submerged in a Mach 2.5 flow at ReD=3
10
4
 – 1105.50 Azimuthal modes (k or m, depending on the reference) can be thought of in physical space 
as the number of waveforms that can be placed circumferentially around the periphery of the circular 
base, as shown in Figure 2. Mode k=0 corresponds to an axisymmetric, global pulsing mode. For each 
mode, temporal fluctuations of spectral amplitude were monitored. It was concluded that the azimuthal 
modes k=2 and 4 were the most dominant. Removal of these modes caused the most significant changes 
to the flow field and largest base pressure increase compared to the half-cylinder case. Unfortunately, a 
comparison to the full axisymmetric case is not meaningful, as it was a RANS calculation displaying the 
largest average base pressure for all Reynolds numbers simulated. Nevertheless, the appropriate 
experimental analog to eliminating these low-order modes is to include physical splitter plates to divide 
the near wake into segments.  
 
Figure 2. Representation of azimuthal modes. 
Sivasubramanian et al.
48
 have numerically demonstrated altered near-wake and base pressure 
quantities with passive flow control. A steady (time-invariant), volume forcing term was added to the 
radial momentum equation to simulate passive vortex generators, located just upstream of the corner 
separation. Introducing counter-rotating streamwise vortices, these steady disturbances were thought to 
constrain helical modes with low mode numbers. Calculations were performed forcing modes k=4, 8, and 
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16 for both ReD=310
4
 and 1105, while mode k=2 was only forced for the larger ReD. The following 
conclusions were drawn for ReD=3  10
4
: forcing mode k=4 resembled the unforced case, yet still 
increased base pressure; forcing mode k=8 increased base pressure the most (approximately 4.5%); and 
forcing mode k=16 introduced strong longitudinal structures which increased mixing in the shear layer, 
leading to a slight decrease in base pressure. At ReD=110
5
, forcing at k=2 led to a minimal increase in 
base pressure, while forcing at higher modes introduced energetic longitudinal structures which again 
increased mixing within the recirculation region, causing a decrease in base pressure. 
A summary of selected passive control methodologies for base flows is presented in Table 1. 
Obviously, discovering additional passive flow control methods that could be implemented within the 
flow regimes of interest and could provide drag reduction benefits would prove advantageous to the flight 
of projectiles and other separated flows. 
1.3.2 Active Control 
In contrast to passive methodologies, active flow control techniques utilize an energy expenditure 
and can be tuned to certain flow conditions. In this way, active control methods can exploit specific flow 
field stability characteristics. Traditional active flow control techniques such as mechanical flaps,
61
 mass 
removal (suction),
62
 and mass injection (blowing)
63
 have been shown to influence external flows. These 
methods can, however, possess limitations in supersonic applications because of long response times, 
limited frequency range, or weak flow-control authority.  
Specific to axisymmetric bodies, techniques such as base bleed and base burning have been 
utilized to reduce drag. For a freestream Mach number near 2.5, base bleeding has been shown to 
drastically alter the near-wake flow field structure and reduce overall turbulence levels.
64
 With an 
optimum non-dimensionalized injection parameter of I=0.0148, the area-averaged base pressure was 
increased by 18.5% compared to the cylindrical afterbody, while weakening the corner expansion, 
decreasing the free shear-layer angle, and nearly eliminating the recirculation region (reverse velocity) 
along the model centerline in the near wake.
65
 Base drag reductions, up to 90%, were obtained for base 
burning and combined pre-burning / base burning experiments for an axisymmetric body in a Mach 3 
flow.
66
  
Several computational efforts have simulated active control of the axisymmetric base flows. 
Trends from early RANS predictions of axisymmetric base flow with base bleed compare moderately 
well with experimental data despite the extremely coarse grid spacing. Reductions in base drag over a 
range of non-dimensional base bleed values (up to I=0.013) were realized over the entire transonic speed 
regime (0.9 < M < 1.2).
67
 Extending the study to supersonic flow, the qualitative effects of mass injection 
were shown to positively influence base drag; however, disagreements with experiments revealed base 
pressure values differing by up to 15%.
68
 
 10 
Periodic forcing (with an activation frequency and disturbance amplitude) of the axisymmetric 
mode (k=0) were numerically computed by Sivasubramanian et al.
48
 Introducing time-variant 
perturbations as a volume forcing term, the resulting flow structures of this active control technique were 
studied. Hybrid method and DNS computations were performed for axisymmetric base flow at Mach 2.5 
and ReD=3 10
4
 and 1  105. Forcing frequencies corresponding to Strouhal number based on base 
diameter (StD) of 0.85 (the most unstable streamwise wavelength for k=0),
51
 2, 4, and 5 were investigated. 
Instantaneous isocontours and streamwise axis-velocity distributions for StD=0.85 at ReD=3 10
4
 are 
similar to the unforced case; however, the mean base pressure coefficient was increased by nearly 3.5%. 
At the higher Reynolds number, increased forcing frequency increased the recirculation length, but only 
the highest frequency (StD=5) provided an increase in mean base pressure compared to the no-control 
case. Weiss and Deck
69
 performed other active flow control simulations, analyzing the influence of 
continuous jets on an axisymmetric step at a freestream Mach number of 0.7.  Targeting the 
antisymmetric azimuthal instability mode (m =1), the three-dimensional structure inside the recirculation 
area was reorganized leading to a 12% decrease in RMS side load amplitude. 
The bottom of Table 1 summarizes active control methods for high-speed axisymmetric base 
flows. 
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Table 1. Summary of selected passive and active control methodologies for axisymmetric base flows. 
Type Method Author(s) Study M∞ ReD Net Drag Influence Other Comments 
Passive 
Boattail 
Herrin and 
Dutton
54
 
Experimental 2.46 3.3×10
6
 21%  reduction 
20% shear layer growth 
reduction, 18% TKE reduction 
Triangular 
Tabs 
Bourdon, Janssen, 
and Dutton
56,58,59
 
Experimental 2.46 3.3×10
6
 - 
Up to 10% base pressure 
decrease 
Strip Tab 
Bourdon, Janssen, 
and Dutton
57,59
 
Experimental 2.46 3.3×10
6
 - > 3% base pressure increase 
Cavities 
Viswanth and 
Patil
60
 
Experimental 2 8.2×10
5
 ~2.5% reduction 
~4% base pressure coef. 
increase 
Vented 
Cavities 
Viswanth and 
Patil
60
 
Experimental 2 8.2×10
5
 3-5% reduction 
Up to 50% base pressure 
increase, appreciable losses 
Azimuthal 
Mode 
Elimination 
Sandberg et al.
49-
51
 
Numerical 2.46 3×10
4
 - 1×10
5
 - 
Base pressure increase when 
eliminating modes k=2 and 4 
Steady Radial 
Momentum 
Addition (VG) 
Sivasubramanian 
et al.
48
 
Numerical 2.46 
3×10
4
 - 
Base pressure increase forcing 
modes k=4 and 8 (+4.5%); 
decrease for k=16 
1×10
5
 - 
Base pressure increase forcing 
mode k=2, decrease for k>2 
Active 
Base Bleed 
Mathur and 
Dutton
64,65
 
Experimental 2.47 2.9×10
6
 24% reduction 18.5% base pressure increase 
Base Bleed Sahu et al.
67
 Numerical 0.9 - 1.2 - 40-80% reduction - 
Base Bleed Sahu
68
 Numerical 
1.7 & 2.5 - 37% reduction -                                                                  
1.88 & 2.48 - - 
up to 32% base pressure 
increase                              
Base Burn Strahle et al.
66
 Experimental 3 4.5×10
6
 50-90% reduction 
Pre-burning yielded higher 
specific impulse and wake-
core temperatures 
Periodic 
Radial 
Momentum 
Addition (k=0) 
Sivasubramanian 
et al.
48
 
Numerical 2.46 
3×10
4
 - 
3.5% base pressure increase at 
StD=0.83 
1×10
5
 - 
5% base pressure increase at 
StD=5 
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1.3.3 Active Control with Plasma Actuators 
The use of plasma actuators for active flow control is a widely investigated current topic in fluid 
mechanics research. The advantages of having no mechanical components, no fuel or mass to store, 
extremely short response times, high activation frequency, phasing capabilities, and closed-loop control 
make plasma actuators attractive when considering various applications such as improved vehicle 
efficiency and maneuverability. Fluid dynamically, these actuators range in application from separation 
control, laminar-turbulent transition control, mixing enhancement, drag reduction, to noise control. 
Numerous classes of plasma actuators have been developed and are reviewed in References 70-73. To 
date, several specific plasma actuators have been successfully applied to high-speed flows, including 
surface actuators that utilize electrohydrodynamic (EHD) forces such as dielectric barrier discharges 
(DBDs),
74,75
 synthetic jets driven by pulsed plasma discharges (often referred to as pulsed plasma jets),
76-
96
 and localized arc filament plasma actuators (LAFPAs).
22,23,97-107
 In the present work, two actuator types, 
namely the pulsed plasma jet and the LAFPA, were experimentally examined for their active flow-control 
authority.  
The basic concept of using a plasma actuator for flow control involves the creation of a 
perturbation from an electrical energy deposition. For the pulsed plasma jet and LAFPA configurations 
considered herein, that electrical energy deposition comes as a direct current (DC) electric arc discharge 
that forms between electrodes, during which gas constituents dissociate and become ionized, allowing for 
current to flow. The phenomena of the discharge depend greatly on the composition and pressure of the 
gas, the materials and geometry of the electrodes, and the magnitude of the current flowing.
108
 
The process begins by applying a potential difference (voltage) across a pair of electrodes, 
generating an electric field. The voltage at which the arc formation (or breakdown) occurs between two 
electrode surfaces is governed by Paschen’s law: 
 
( )
ln( )
b
B pd
V
C pd


 (1.1)  
where Vb is the breakdown voltage, p is the ambient pressure, d is the electrode separation distance, and B 
and C are empirically determined constants. For air, the constant values for B and C are 365 V/(cm∙Torr) 
and 1.18, respectively, for pressures in Torr and separation distances in cm. The subsequent arc is a self-
sustaining plasma driven by thermionic and field emissions, allowing for a large current density that 
contributes to overall Joule heating of the local ambient gas.
109
 For a full discussion regarding the physics 
of plasmas, please refer to the texts by Fridman.
109,110
 
The first plasma actuator considered in the current work was the pulsed plasma jet (PPJ). This 
actuator is similar in form to those studied at the Johns Hopkins University Applied Physics Lab/Florida 
State University, ONERA/University of Toulouse, University of Texas at Austin, University of Illinois at 
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Urbana-Champaign, and Rutgers University/NASA Langley Research Center. Grossman et al.
76
 first 
introduced and developed the concept of the “SparkJet” in which an electrical arc discharge is activated, 
generating rapid heating and pressurization of gas inside a small confined cavity. The pressurized gas 
exhausts through a small orifice, forming a synthetic jet.  Upon relaxation of the high pressure within, 
ambient air is drawn back into the now cooled cavity, charging the device for the next pulse. In this way, 
the actuator operates as a zero-net-mass-flux (ZNMF) device. A generalized schematic of the pulsed 
plasma jet is shown in Figure 3. 
 
Figure 3. Example schematic of a pulsed plasma jet actuator. 
The original SparkJet device utilized a cathode, an anode, and a grid. The main anode-cathode 
discharge was initiated by a low-power discharge between the cathode and grid. An analytical model of 
the device operation was derived, and computations suggested jet velocities of several hundred meters per 
second. The second generation design
77
 eliminated the grid and created the high-voltage arc discharge 
between the cathode and anode, providing a more robust and reliable device. Computations of single-
pulse activation showed the ability to penetrate a fully-developed, Mach 3 boundary layer.
78
 The next 
single-actuator design iteration,
79,80
 incorporating a third triggering electrode, yielded experimental results 
reporting peak entrained velocities between 50 and 100 m/s and a maximum jet temperature near 1600 K. 
The velocity of the jet core was not characterized due to poor seeding in the PIV measurements. Further 
developments included comparing experimental cavity pressure measurements and schlieren images of an 
array of jets to computational fluid dynamics simulations.
81
 Depending on the actuator parameters and 
ambient environment, results have shown that the pulsed plasma jets operate between 10 – 30% 
efficiency, i.e, only a fraction of the electrical energy deposited is used to heat the cavity gas. A twelve-
orifice array of SparkJets, operated at both 1 Hz and 700 Hz, has proven to displace an oblique shock 
wave (equivalent to a 5° turning angle) in a Mach 1.5 crossflow.
82
 The most recent development of the 
actuator design reverted back to the two-electrode configuration which utilized a new “pseudo-series” 
trigger that facilitated the high-voltage breakdown trigger and main spark discharge.
83
 This trigger 
Confined Cavity
Electrodes
Housing
Surface
Arc
Orifice
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mechanism allowed for larger electrode spacing (while retaining repeatable plasma discharges), greater 
efficiencies (up to 75%), higher measured cavity pressures, and increased jet velocities. Additionally, 
results from an electrode geometry investigation concluded that larger diameter electrodes improved 
actuator survivability and reliability, while electrode length was linked to impedance matching and 
improved high-frequency activation. 
Hardy et al.
84,85
 have characterized a similar “Plasma Synthetic Jet” comprised of an anode and 
cathode connected in parallel to a capacitor and electrical insulating cavity. Jet velocities determined from 
schlieren images and stagnation pressure measurements of the exhaust jet were collected for various 
orifice geometries and capacitances (ranging between 1 and 39 nF) charged to approximately 4000 V. 
Peak velocities were reported to be 260 m/s. These actuators were shown to operate as vortex generators 
when the jet was injected into a 40 m/s cross flow and were found to increase the mixing layer thickness 
in a Mach 0.9 jet. Most recently, the influence of the energy dissipation rate in the discharge of the 
actuator into a quiescent environment was investigated.
86
 Jet velocity and stagnation pressure 
measurements were compared for the electric discharges created by two different types of high voltage 
power supplies: a capacitive power supply and an inductive power supply. For the capacitive power 
supply, the electric discharge was a short-duration, O(1 μs), spark discharge creating a more powerful jet 
with high velocities and short ejection times. Conversely, the energy dissipation from the electric 
discharge of the inductive power supply was relatively long, O(100 μs), resulting in more heat loss, lower 
jet velocities, and longer expulsion durations. For both power supplies, the voltage required for 
breakdown was decreased as pulsing frequency increased.  
Narayanaswamy et al.
87-89
 have also characterized a pulsed plasma jet actuator for control of 
supersonic flows. The control authority of this actuator was demonstrated by injecting the jet normally 
into a Mach 3 crossflow. Measurements concluded that the pulsed plasma jet was capable of penetrating 
1.5 boundary layer thicknesses into the crossflow using a jet-to-crossflow momentum flux ratio of about 
0.6.
87
 For these experiments, the charge from a 0.22 μF capacitor at a voltage of about 2100 V was 
deposited by a current-limited non-equilibrium electric arc between two electrodes. Discharge currents 
between 1.2 and 11 amps were tested by means of various ballast resistors. A timing circuit allowed the 
actuation to be pulsed at kilohertz rates. At a static pressure of 35 torr, typical jet velocities of about 250 
m/s were shown for energy depositions of approximately 30 mJ. An array of plasma jet actuators with a 
skewed and pitched jet geometry was used to control the shock wave/ boundary layer interaction (SBLI) 
formed from a compression ramp in a Mach 3 crossflow.
88,89
 Acting as vortex generators, the pulsed jets 
influenced the separation shock location and reduced low-frequency pressure fluctuations on the wall 
corresponding to the shock unsteadiness.  
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Experiments at the University of Illinois at Urbana-Champaign employed a pulsed plasma jet 
issuing normally into a Mach 3 crossflow. Identical to the pulsed plasma jet device used in the current 
investigation, the actuator utilized a two-circuit design with a trigger and high-amperage energy-
deposition to create a high-momentum jet capable of penetrating the supersonic boundary layer. Phase-
locked schlieren images
90
 and PIV results
91
 both demonstrated a bow shock in front of the jet and a 
moderate disturbance that propagated into the freestream flow. 
Computations have been conducted for single-pulse, plasma jets issuing into a quiescent 
environment
92
 and into a Mach 3 turbulent boundary layer.
93
 In these simulations, energy was 
instantaneously deposited and homogeneously distributed to heat and pressurize the mass in a cavity; 
however, the plasma physics were not modeled. For the quiescent case, the non-dimensional impulse 
from the plasma jet was found to be insensitive to cavity geometry parameters, but dependent on energy 
deposition to the cavity. Results from the crossflow case showed the pulsed plasma jet to penetrate the 
supersonic boundary layer and the non-dimensional impulse to be considerably greater than for the 
quiescent simulations. The thermal efficiency was estimated by comparing the same computational model 
with experimental results of the plasma jet attached to a free-swinging pendulum.
94
 The predicted 
pendulum displacement as a function of time for a single plasma pulse was fit to measurements by tuning 
the thermal efficiency parameter. Results indicated that the plasma jet efficiency was less than 10% and 
was shown to decrease with increasing nominal energy deposition. 
The second plasma actuator investigated in the present research was the localized arc filament 
plasma actuator. LAFPA actuators create perturbations through the rapid, local thermal (Joule) heating by 
an ionized gas generated from an electric arc discharge. Dissimilar to the pulsed plasma jet, the arc and 
hot pressurized gas are not confined to a closed cavity with an orifice. Instead, a shallow open cavity is 
used, as shown schematically in Figure 4. Robustly activated at high frequencies (up to hundreds of 
kilohertz), arc-filament actuators have demonstrated the ability to amplify instabilities in high-speed 
flows making them a strong candidate for active flow control.
97,98
 
 
Figure 4. Example schematic of a LAFPA actuator. 
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To gain a better understanding of the electric-arc plasma actuator’s potential for flow control 
authority, high-resolution velocity measurements were obtained by DeBlauw et al.
99
 Conducted in a 
quiescent environment (no flow) at atmospheric pressure, this parametric study characterized the time-
evolution of the induced velocity field for a normal cavity electrode configuration for various plasma 
parameters, such as current, on time, and forcing frequency. For all cases, a compression blast wave 
traveling at approximately Mach 1 was observed, followed by an exhaust flow. The baseline case 
operated at a 1 kHz pulsing frequency, 0.25 amp plasma current, and 20 μs plasma on-time provided a 
maximum induced velocity of 41 m/s. Compared to the baseline current, a 1 amp discharge displayed 
only a slightly larger velocity. A strong plasma-fluid coupling was determined for frequency variations. 
Increased forcing frequency resulted in reduced velocities due to a combination of limited refill or 
“recharge” time, higher residual wall temperatures (thus lower fluid density), and lower breakdown 
voltages (hence less energy deposited to the flow).  
Extensive development and active flow control experiments utilizing LAFPAs on high-speed jets 
have been conducted at The Ohio State University (OSU) by Professor M. Samimy and colleagues.
100-104
 
Using eight actuators distributed circumferentially within the nozzle of a 2.54 cm diameter jet, flow 
control authority was observed for various azimuthal forcing modes over a range of frequencies. A 
conceptual description of the forcing modes can be found in Table 1 of Reference 102. Jet width, 
centerline Mach number and TKE, and jet noise signature were measurements evaluated to quantify the 
actuators’ influence. The most effective forcing frequency was determined to be the jet preferred Strouhal 
number of 0.3 for all azimuthal modes, except for m=3. For m=3, a forcing Strouhal number of 0.09 was 
observed for maximum jet spreading. The control authority mechanism of the LAFPA has been 
postulated to be either through direct Joule heating or the compression wave generated by the Joule 
heating.
103
 
Originally designed to prevent the plasma from being “blown off” by the high-speed flow, the 
electrodes tips were positioned in a recessed groove (or ring cavity) to shield the formed plasma. A new 
jet flow nozzle, relocating the electrodes to the nozzle face and eliminating the groove, was designed to 
explore the effects of the actuator cavity.
104
 Similar large-scale structures visible in schlieren images, 
minimal differences in centerline Mach number, jet width, and TKE, and comparable reductions in 
acoustic signature determined that the recessed groove does not play a vital role in the perturbations 
shown to excite the jet (at least in this application).  A duty cycle study was additionally conducted and 
concluded that the LAFPA effectiveness increases with decreasing duty cycle. The initial arc formation 
was attributed as the key mechanism of the LAFPA control authority. 
In an effort to identify the specific mechanism(s) of the actuators’ influence on a flow, direct 
numerical simulations
105
 replicated the LAFPA experiments implemented on the high-speed, high-
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Reynolds number jet.
101
 The two-dimensional model simulated the plasma as a simple thermal source and 
included the boundary layer, actuator cavity recess, nozzle lip, and downstream shear layer. Contrary to 
the conclusions of Hahn et al.
104
 discussed above, the cavity was shown to be the essential component for 
producing a strong jetting action to achieve the most significant mixing layer response. Removing the 
thermal source caused minimal flow control change compared to the baseline actuator, suggesting that the 
forcing mechanism is more fluidic than thermal. Furthermore, higher perturbation velocities, hence 
stronger jetting effects, were obtained from increased duty cycle (again in opposition to Hahn et al.
104
). 
Also, increased cavity length resulted in increased mixing layer spreading. It should be highlighted that 
these simulations utilized only a two-dimensional model, which may be the source of discrepancies.  
Optical emission spectroscopy of the nitrogen N2 second positive band has been used by several 
researchers to obtain temperature information on the plasma discharge. Synthetic spectra fitted to 
experimental data yielded an equilibrium temperature of 1350°C for a 0.25 amp, 20 kHz, 10% duty cycle 
LAFPA discharge.
100
 Plasma temperatures were reported to increase with increased pulse duration; 
however, temporally-resolved temperatures within the pulse width were not measured. Narayanaswamy et 
al.
87
 characterized the plasma temperature for the pulsed plasma jet configuration operating in a low-
pressure Mach 3 crossflow. Depending on the discharge current (ranging between 1.2 and 6.5 amps), 
typical rotational temperatures were between 600 and 800 K, while vibrational temperatures ranged 
between 2800 and 3100 K, suggesting a high degree of thermal non-equilibrium.  Results also suggested 
that only 10% of the input power went into gas heating. DeBlauw et al.
106
 investigated the plasma thermal 
properties of a LAFPA discharge at atmospheric pressure. Rotational and vibrational temperatures 
extracted for electrode separation distances of 1 mm and 2 mm, and electrical currents of 0.25 amp and 1 
amp indicated non-equilibrium conditions. Rotational temperatures of 600 to 800 K and vibrational 
temperatures of 1500 K were observed; however, uncertainty in the temporal evolution of these 
temperatures was noted due to spectral interference and potentially optically thick conditions. Sanders et 
al.
107
 further refined the emission spectroscopy measurements to resolve temporal- and spatial variations. 
High-resolution, time-resolved experiments characterizing the temperature history indicated that N2 
rotational and vibrational temperatures increase considerably during the plasma on time, despite the most 
intense emission appearing early in the pulse. Spatial variations, especially within the first microsecond of 
the pulse, were also observed and must be taken into account to adequately describe the actuator’s 
thermal characteristics. Synthetic fits to the measured spectra indicate maximum rotational and 
vibrational temperature near 4200 K and 6400 K, respectively, for the baseline 0.25 amp, 1 kHz case.  As 
to be expected, measured temperatures were lower for reduced pulsing frequency (500 Hz), while 
temperature increases were experienced for the 1 amp experiments. Self-absorption was experienced for 
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certain transitions, times, and locations, and therefore the optically-thin assumption could not be used to 
fit accurate temperatures for all cases.  
A discussion of plasma actuators would be not complete without mention of the challenges and 
complexities associated with acquiring high-fidelity measurements. Problematic amounts of 
electromagnetic interference (EMI), generated from the strong electric field produced by the large 
potential differences, violent electron bombardment, high-amperage losses, and the presence of charged 
species can adversely affect or even damage external circuitry and electrical measurement devices 
(sensors, cameras, computers, keyboards, etc.). Several researchers have documented special 
considerations and procedures aimed to alleviate EMI problems. Narayanaswamy et al.
95
 used a pulsed-
ground electrode to drain charged particles emitted from a pulsed plasma jet prior to interaction with a 
pressure transducer. Haack et al.
96
 coated the exposed face of a dynamic pressure sensor mounted inside 
the pulsed plasma jet cavity with room temperature vulcanizing (RTV) silicone and heavy duty electrical 
tape to shield against EMI and thermal shock. In recent doctoral dissertations, both DeBlauw
22
 and 
Kale
111
 outlined recommended measures to counter EMI issues. These measures include maximizing the 
distance between diagnostic equipment and the actuator, minimizing the length of signal-carrying BNC 
cables, and utilizing Faraday shields, EMI/RFI suppressors (or ferrite cores), optical communication, 
solid-body resistors, and robust grounded connections. 
With the context of plasma actuators set, attention is reverted back to active control of supersonic 
flow separating from an axisymmetric body. The flow control authority of electric arc plasma actuators on 
a nominally Mach 2.5 base flow has been evaluated.
22,23
 Eight LAFPA actuators distributed azimuthally 
on the base, near the axisymmetric base edge, were shown to be capable of producing moderate 
disturbances in the shear layer and base pressure changes for various actuator geometries, forcing 
frequencies, modes, duty cycles / plasma-on times, and currents. It was concluded that these large-
amplitude, well-organized velocity disturbances propagating down the shear layer contributed to the 
actuators’ effect on base pressure. Increased duty cycle was shown to cause increased shear layer 
disturbance amplitude and larger base pressure reduction. However, the effect of increased current (1 amp 
compared to 0.25 amp) was noted to effect an even larger change. A maximum reduction in base pressure 
of 3.5% was demonstrated for the inclined cavity LAFPA geometry, actuation at 1 amp, 20% duty cycle, 
and a frequency of 20 kHz. 
Results of relevant plasma actuator studies are summarized in Table 2.
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Table 2. Summary of selected plasma actuator results. 
Actuator Author(s) Study Flow Field M Key Result(s) 
PPJ 
Grossman et al.
76
 Exp. / Num. Quiescent - 
Introduction of the "SparkJet;" analytical model and CFD developed; 
actuator demonstrated 
Grossman et al.
77
 Exp. / Num. Quiescent - 
2nd generation device. Geometry and energy deposition exploration;                                  
temperature (up to 3000 K) and velocity (up to 1500 m/s) predictions 
Cybyk et al.
78
 Numerical 
Quiescent and normal to 
crossflow 
3 
Temperature (up to 1000 K) and velocity (up to 400 m/s); 
demonstrated BL penetration 
Cybyk et al.
79
 Exp. / Num. Quiescent - Limited velocity measurements; jet temperature near 1600 K 
Haack et al.
81
 Exp. / Num. Quiescent, varied pressure - Array of actuators; efficiency (10 - 30%) varied with ambient pressure 
Emerick et al.
82
 Experimental 
Quiescent, varied pressure - Array of actuators pulsing at 1 Hz and 700 Hz. 
 Normal to crossflow 1.5 Demonstrated ability to displace oblique shock wave 
Hardy et al.
85
 Exp. / Num. Jet 0.9 Acts as vortex generator resulting in thickening of mixing layer 
Narayanaswamy et 
al.
87
 
Experimental 
Normal to crossflow 3 1.5 δ penetration for jet-to-crossflow momentum flux ratio of 0.6 
Quiescent (35 torr) - Max. velocity near 250 m/s; max. freq. 5 kHz; thermal non-equilibrium 
Narayanaswamy et 
al.
88,89
 
Experimental 
Pitched/skewed to 
crossflow 
3 
Vortex generating jet, pulsed up to 1 kHz. Demonstrated control of 
SBLI 
Ostman et al.
91
 Experimental Normal to crossflow 3 BL penetration; max. wall-normal velocity 10% of freestream. 
Anderson et al.
92,93
 Numerical 
Quiescent - Impulse unaffected by cavity geometry, dependent on energy deposited 
Normal to crossflow 3 BL penetration; increased impulse compared to quiescent case 
Golbabaei et al.
94
 Num. / Exp. Attached to pendulum - Compared pendulum motion to determine efficiency 
LAFPA 
Adelgren et al.
97
 Experimental Axisymmetric Jet 
1.3
8 
Minimum energy need to significant perturb jet was 1 mJ 
DeBlauw et al.
98
 Experimental Boundary Layer 4.1 Generated bow shock; disorganized turbulent fluid structures in BL 
DeBlauw et al.
99
 Experimental Quiescent - Velocity measurements for varying plasma current, on-time, & freq. 
Samimy et al.
100,101
 Experimental Axisymmetric jet 1.3 Enhanced mixing at jet-preferred forcing frequency, StD=0.3 (f=5kHz) 
Hahn et al.
104
 Experimental Axisymmetric Jet 0.9 Groove (recessed cavity) is not the primary flow control mechanism 
Kleinman et al.
105
 Numerical Axisymmetric jet 1.3 Jetting facilitated by the cavity is the primary flow control mechanism 
DeBlauw et al.
106
 Experimental Quiescent  - Emission spectroscopy indicating thermal non-equilibrium 
DeBlauw et al.
22,23
 Experimental Axisymmetric Base Flow 2.5 Shear layer disturbances resulted in base pressure changes 
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1.4 Present Investigation 
The objectives and contributions of this work are to experimentally investigate the effects of passive 
and active control on axisymmetric base flows in an effort to gain insight into the fluid dynamic 
mechanisms that govern these massively separated high-speed flows and to determine the actuators’ flow-
control authority. To that end, five specific goals were defined and achieved. 
1) Reconstruct the axisymmetric supersonic wind tunnel and bring the facility online for supersonic 
base flow experiments. To date, limited experimental data are available addressing axisymmetric 
base flow and the base drag control challenge. This facility allows for passive and active flow-
control experiments as part of this research effort, as well as other work specific to axisymmetric 
base flows. Details of the wind tunnel facility are provided in Chapter 2.  
2) Obtain a comprehensive data set including detailed planar velocity and pressure measurements for 
the cylindrical blunt base. This data set will be of value to computational fluid dynamics researchers 
to validate computational simulations. The results and discussion of these experimental data are 
included in Chapter 3. 
3) Experimentally investigate the utilization of a passive flow-control technique by inserting splitter 
plates (SPs) into the recirculation region of a supersonic axisymmetric base flow. Dividing the near-
wake into 1/2, 1/3, and 1/4 cylindrical regions, these triangular plates were designed to eliminate the 
dominant low-order azimuthal instability modes in the recirculation region, affect the near-wake 
flow and reattachment length, and ultimately alter the base pressure, as suggested by previous DNS 
work.
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 Base pressure and near-wake flow measurements were acquired to assess the influence of 
these plates. This passive flow control approach is discussed in detail in Chapter 4. 
4) Experimentally investigate the design and characterization of plasma actuators. Two actuators were 
examined: 1) the pulsed plasma jet and 2) the localized arc filament plasma actuator. For the pulsed 
plasma jet, flow and electric discharge properties were documented with voltage measurements, 
schlieren images, and particle image velocimetry measurements. The results presented herein are 
useful in providing an understanding of the plasma jet flow structure, electronic requirements, and 
velocity field produced by this actuator. This work will add to the present state of knowledge of 
pulsed plasma jets by expanding the parameter space of energy deposition values that have been 
studied. For the LAFPA, electrical measurements and emission spectroscopy results provide insight 
into the pressure dependence of the plasma discharge. Additionally, experimental data from this 
effort can be utilized to aid in the validation of numerical simulations for accurate predictive 
capabilities of these actuators. Details of the plasma systems and diagnostics, and quantitative results 
from the actuator characterizations are described in Chapter 5. 
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5) Implement the selected plasma actuator for active flow control near the base corner separation point 
of a supersonic axisymmetric base flow to determine the flow control authority on the near-wake. 
Energy addition / jet strength, actuator geometry, and actuation frequency and phase (mode) were 
parameters examined. This study serves to add to the previously documented endeavors by analyzing 
the effect of plasma actuators as an efficient active flow control device applied to supersonic, 
separated base flows. A discussion of the implementation of the LAFPA actuators within the base 
flow facility and the flow-control results are provided in Chapter 6.  
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CHAPTER 2: WIND TUNNEL FACILITY 
This chapter describes the wind tunnel facility used during this research effort. First, the 
experimental facility used for the supersonic axisymmetric base flow experiments is detailed. Next, there 
are descriptions of the model, the tunnel instrumentation, and then the tunnel operating conditions. 
Finally, a step-by-step operating procedure for running the axisymmetric facility is outlined. 
2.1 Wind Tunnel Description 
An axisymmetric, open-jet, supersonic, intermittent blowdown-type wind tunnel with a centered 
cylindrical sting was reconstructed specifically for these base flow experimental studies. Figure 5 is a 
schematic of the nominally Mach 2.5 tunnel that is located in Aeronautical Laboratory A (ALA). 
Originally designed and assembled by Sauter
112
 in 1989, the tunnel was operated for many years in 
Mechanical Engineering Laboratory and utilized by numerous researchers to investigate base flows of 
various configurations. The tunnel was decommissioned, disassembled, and the components were placed 
in storage between 2005 and 2008. Components of the pre-existing tunnel (including the pneumatic 
control valve, stagnation chamber, support stand, model sting, nozzle, and test section) were refurbished 
and assembled with a newly designed inlet, diffuser, and exhaust system for the current work. 
Engineering drawings of specific wind tunnel components can be found in Appendix A. 
  
Figure 5. Overall schematic of axisymmetric wind tunnel. 
Dry, filtered compressed air was supplied at 34 m
3
/min and 0.9 MPa (130 psia) by two Ingersoll-
Rand compressors (housed in the basement of Mechanical Engineering Laboratory) to a 140 m
3
 tank 
farm. Eight-inch piping brought the compressed air from the tank farm and served as a manifold to the 
three flow facilities within ALA, namely the axisymmtric wind tunnel, the 5” x 5” supersonic tunnel,113 
and the anechoic jet facility.
114
 From the manifold, the high pressure air flow was reduced to six-inch 
piping and controlled by either a Valtek Mark I pneumatic control valve or a manually operated gate 
valve (Crane, 125 class). When the pneumatic valve was utilized (denoted as automatic control), a 
proportional-integral-derivative (PID) control algorithm continuously throttled the flow to maintain the 
desired stagnation pressure. A forty-five degree elbow directed the incoming air against the back flange of 
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a nominal pipe size (NPS) twelve inch, schedule 40, class 250, pipe cross, which served as the tunnel’s 
stagnation chamber. After passing through a flow-conditioning module, comprised of a screen and 
honeycomb, to reduce turbulence and straighten the flow, the air was accelerated by an annular, two-
piece, converging-diverging nozzle. The independent converging brass nozzle and diverging aluminum 
nozzle pieces were bolted together and sealed with an o-ring and vacuum grease. The slight seam between 
the nozzle sections was filled and smoothed using glazing putty. The design and geometry of the contours 
of both nozzle pieces were not previously documented. As such, the nozzle coordinates were measured 
using a Brown and Sharpe MicroVal coordinate-measuring machine (CMM) located in the Metrology 
Lab of the Department of Mechanical Science and Engineering. The coordinates are provided in 
Appendix B. Upon exiting the 14.4 cm (5.66 in) exit diameter nozzle, the supersonic stream entered the 
25.4 cm (10 in) diameter by 30.5 cm (12 in) long test section (or test cell), which contained three fused 
silica windows for optical access to the flow. The sudden expansion from the nozzle to the test section has 
the potential to create disturbance waves that may affect the sensitive base flow region, if not properly 
addressed. Experiments to determine optimal tunnel running conditions to eliminate these potential waves 
are described in Section 2.4. After the test section, a converging cylindrical flow catcher, constant-area 
cylindrical supersonic diffuser, and conically divergent subsonic diffuser decelerated the flow before 
being silenced by perforated duct and an exhaust muffler and exiting to the atmosphere. A detailed 
section view schematic of the tunnel is shown in Figure 6. Designs of new tunnel components are 
described in further detail in the subsequent subsections. 
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Figure 6. Detailed section-view schematic of the axisymmetric wind tunnel. 
2.1.1 Flow Catcher Description 
A conically converging flow catcher was designed to begin the process of decelerating the 
supersonic, open-jet flow leaving the test section. This reduction in area served to compress and slow 
down the supersonic flow as much as possible, prior to the recompression (idealized) normal shock. The 
geometric design was driven such that 1) the length did not obstruct optical access from the test section 
windows, 2) the minimum diameter (second-throat) was large enough to “swallow” the start-up normal 
shock, and 3) the included angle would catch the open jet while allowing sufficient diffuser efficiency. 
The length was fixed to 14.6 cm (5.75 in), measuring from the downstream edge of the window frame to 
the outside plane of the downstream flange of the test section. As suggested by Lee and Von Eschen
115
 
and Pope and Goin
116
 the second-throat to nozzle exit area was set to 1.6. Using the area of the nozzle exit 
with no sting/afterbody as the extreme scenario, the second-throat area was calculated to be 259.7 cm
2
 
(40.25 in
2
), corresponding to a nominal second-throat diameter of 18.18 cm (7.16 in). The actual second-
throat diameter was set to 18.26 cm (7.19 in) to match with the supersonic, constant-area diffuser inner 
diameter described next. These conservative increases in area were used to help account for the jet shear 
layer growth in the test section due to entrainment between the nozzle exit and the flow catcher entrance. 
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To satisfy the third design constraint, an included angle of 10 degrees was originally selected, considering 
the results from Neumann and Lustwerk,
117
 showing that the smallest entrance angle provided the best 
diffuser efficiency. The 10 degree flow catcher was designed, manufactured, and tested as part of the 
initial wind tunnel shake down. It was observed that the shallow angle and resulting small entrance area 
of the flow catcher was not large enough to envelop the open-jet flow over a specific range of tunnel 
stagnation pressures. The outer edges of the free jet impinged on the upstream edge of the flow catcher 
causing an unsteady flow behavior with erratic base and test cell pressure measurements. A new, 22 
degree included angle flow catcher with the same length and second-throat diameter was designed, 
manufactured, and installed in the tunnel. The 22 degree angle was selected as the largest possible 
included angle (for the fixed length) to fit inside the 25.4 cm (10 in) diameter test section. The new 
diffuser eliminated the aforementioned problematic flow behavior and erratic pressure measurements. 
Photographs of both the 10 degree and 22 degree flow catchers are shown in Figure 7. The direction of 
flow is from left to right. 
a)  b)  
Figure 7. Flow catchers: a) 10 degree and b) 22 degree included angle. 
2.1.2 Supersonic Diffuser Description 
In actuality, the idealized normal shock standing in the diffuser as predicted by one-dimensional 
analysis is not observed. Instead, oblique shocks generated from the convergence and the boundary layer 
interact, causing the flow to separate from the diffuser wall resulting in a train of weaker shocks which 
persist over a finite length. To account for and contain this shock system (which terminates by a strong 
nearly normal shock), a constant-area supersonic diffuser was implemented to elongate the second-throat, 
allowing the separation region to fill the passageway before entering the diverging subsonic diffuser.  
For installation simplicity and cost-effectiveness, standard pipes with inner cross-sectional areas 
similar to that calculated above for the second-throat area were considered. An NPS eight-inch, schedule 
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120 pipe was selected as the best option, having a nominal inner diameter of 18.26 cm (7.19 in). The pipe 
schedule was selected based solely on the inner diameter dimension and not on pressure rating. 
Considerations for the length of the constant-area diffuser were generally guided by previous studies, 
varying between 3 and 10 test-section diameters. Having a long diverging diffuser section (described in 
the next subsection) was deemed a higher priority; as such, the constant-area diffuser length was set to 
0.93 m (36.75 in), or approximately 3.7 test-section diameters.  Raised-face, slip-on flanges were welded 
on both pipe ends to connect the supersonic diffuser to the flow catcher and the subsonic diffuser.  
2.1.3 Subsonic Diffuser Description 
A subsonic diffuser with conically diverging walls continued to decelerate the now subsonic flow 
by efficiently converting kinetic energy into pressure. The designed, manufactured, and installed diffuser 
was comprised of ¼” thick sheet steel formed into a conically diverging shape which was welded inside 
an NPS fourteen-inch, schedule 40 pipe. The sheet metal is blended from the constant-area diffuser 18.26 
cm (7.19 in) diameter to an inner diameter of 32.39 cm (12.75 in) with a total included angle of 4.6 
degrees. This translates to an area ratio of 3.14 over a length of 1.75 m (69.9 in). The diverging angle was 
selected conservatively below the recommended maximum divergence angle of 6 degrees by Pope and 
Goin
116
 to lessen the likelihood of flow separation (and resulting reduced pressure recovery) in the 
subsonic diffuser.   
On the upstream side of the diffuser, a 3.8 cm (1.5 in) thick plate was welded inside the fourteen-
inch pipe, positioned the sheet metal transition centrally, and provided threaded connections to the 
constant-area diffuser flange. On the downstream side, a raised-face slip-on flange welded to the fourteen-
inch pipe provided a flanged connection to the exhaust system.  
2.1.4 Exhaust System Description 
The downstream flange of the subsonic diffuser was connected to the exhaust duct system via an 
intermediate flange. This intermediate flange had holes for bolted connections and housed the safety gate 
plates, to be described in Section 2.3 Wind Tunnel Instrumentation. Following this intermediate 
flange, a steel spiral duct system connected with the 5” x 5” wind tunnel diffuser and directed the tunnels’ 
exhaust outside of the laboratory building. A photograph of the spiral duct system (manufactured by 
Spiral Manufacturing Co. Inc.) comprised of dual-walled pipe, a tee, and elbows, is shown in Figure 8. 
The inner, thirteen-inch diameter liner was perforated, while the outer, fifteen-inch diameter pipe wall 
was solid. In between the liner and pipe wall, a fiberglass matrix reduced sound levels of the air flow 
within the laboratory. After exiting the building, a fourteen-inch steel elbow turned the flow upward and 
connected to an exhaust muffler (Maxim Silencers STD-14FPE). Fourteen-inch steel piping extends the 
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exhaust above the building’s roof where a rain cap and screen were attached to mitigate environmental 
contaminants. Figure 9 shows the exhaust system exterior to ALA. 
 
Figure 8. Wind tunnel exhaust duct system. 
 
Figure 9. External exhaust piping and 
muffler. 
2.2 Model Description 
The test model used for these axisymmetric base flow studies consisted of a stainless steel sting 
and interchangeable brass bases. The 63.5 mm (2.5 inch) diameter sting represents a missile or projectile 
afterbody or other axisymmetric body in unpowered free flight. The sting ran through the tunnel 
stagnation chamber and was physically supported at two locations: the taper lock on the upstream face of 
the stagnation chamber and the spoked sting support ring on the downstream side (see Figure 6). Notice 
that both support locations are upstream of the converging-diverging nozzle to prevent any interference 
waves in the near-wake region of the flow. This unique tunnel design alleviates adverse interactions 
between traditional downstream supports and/or stings and the sensitive wake region, as seen in numerous 
previous studies.
118
 Such interactions (not present in the current experiments) have been shown to 
influence total body drag predictions by 5% to 25%.
119
 The hollow sting allowed for the passage of 
pressure tubing, instrumentation, and high-voltage (HV) wires for the electric-arc actuators. Attached to 
the downstream end of the sting by internal threads, the base model terminated just beyond the exit plane 
of the nozzle. The afterbody/base model was interchangeable to accommodate investigations of the 
cylindrical afterbody (no flow control) and the different flow-control schemes, including the splitter plate 
and plasma actuator configurations described herein. Specific details for the flow-control models will be 
discussed in their respective chapters. 
2.3 Wind Tunnel Instrumentation 
The wind tunnel was equipped for temperature and pressure measurements during the 
experiments. An iron-constantan (Type J) thermocouple with an exposed junction was mounted in the 
Spiral Exhaust Duct
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Tunnel
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Laboratory
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stagnation chamber to measure the total temperature. Instrument uncertainty of the thermocouple is 
quoted to be 2.2 K. Temperature data were collected via a National Instruments (NI) 6009 data 
acquisition module and an NI LabVIEW virtual instrument (VI) interface and stored on an HP xw4600 
personal desktop computer. 
Pressure measurements were acquired at the stagnation chamber, four static pressure taps 
circumferentially spaced around the nozzle exit, and two static pressure taps circumferentially spaced on 
the upstream wall in the test section to monitor tunnel operating conditions. To assess the base pressure 
radial profile and the approach pressure field along the afterbody surface, mean static pressure 
measurements at various positions on the base models were measured using high-accuracy pressure 
transducers. Locations of the base and afterbody pressure taps are included in each model description in 
the upcoming chapters. Pressure taps were connected to Pressure Systems Inc. pressure scanners via 1.6 
mm (0.063 in) diameter nylon tubing.  The Pressure Systems Inc. Netscanner Model 98RK system is 
equipped with eight Model 9816 modules, each capable of recording 16 pressures. Static pressure 
measurements were acquired with 0-103 kPa differential (15 psid) transducers with ±0.05% full-scale 
accuracy, while stagnation pressure was acquired with a 0-690 kPa differential (100 psid) transducer with 
±0.05% full-scale accuracy. The pressure transducers were calibrated (multi-point) and accuracy-tested 
before each set of experiments using the procedures outlined in Appendix C. Moreover, a one-point zero 
calibration was performed daily to reduce thermal drift in the transducers and calibration dependencies on 
atmospheric conditions. During the calibration and data acquisition processes, the reference ports of the 
differential transducers were exposed to atmospheric pressure, which was recorded for each test by a 
Pressure Systems Inc. Model 9034 pressure calibrator capable of measuring 0-310 kPa (45 psia) with 
0.01% full-scale accuracy. Pressure measurements were transferred to the same HP xw4600 computer and 
collected using the aforementioned LabVIEW VI at a rate of 5 Hz. 
A LabVIEW virtual instrument was created specifically for controlling the axisymmetric wind 
tunnel. A screenshot of the LabVIEW VI front panel is shown in Figure 10. The virtual instrument is 
responsible for recording and displaying all of the pressure and temperature data and controlling the 
pneumatic control valve to achieve desired run conditions. As previously mentioned, the wind tunnel can 
be run in one of two different control modes: manual or automatic.  
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Figure 10. NI LabVIEW Virtual Instrument front panel. 
For experiments utilizing the automatic control mode, the gate valve was opened completely and 
the air flow was then throttled by continuously opening the pneumatic control valve to regulate the 
stagnation pressure about a set point pressure.  A proportional-integral-derivative (PID) control algorithm 
within the VI received and interpreted the pressure data recorded from the stagnation chamber and 
incrementally increased the output current that was sent to the valve. The proportional (P) and integral (I) 
control parameters were empirically determined for each base model. In all cases, the derivative (D) 
parameter was set to zero. An NI cDAQ-9181 chassis and an NI 9265 current output module converted 
the digital signal from the VI into an analog current signal, sent to the valve transducer. The Valtek NT-
3000 transducer is an electro-pneumatic module that received a 4 to 20 mA current signal and generated a 
3 to 15 psi pressure signal, which coupled with a Valtek Beta valve positioner. These instruments 
controlled the position of the globe valve relative to the valve seat, allowing high-pressure air to pass 
through the Valtek Mark I valve. A 4 mA or lower current signal corresponds to a fully closed valve, 
whereas a 20 mA current signal corresponds to a fully open valve. House air, regulated at 80 psig, was 
supplied to the positioner and pneumatically stroked the valve actuator. The valve was equipped with 
Valtek Flow Boosters for a faster response time. More information regarding the operation of the 
transducer, positioner, valve, and flow boosters can be found in their respective user manuals.
120-123
 
Primarily utilized during the passive flow control experiments, the control algorithm could sustain the 
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desired stagnation pressure within a standard deviation of less than 1.5 kPa (0.21 psia) during a single 
experiment. Experimental run conditions are fully described in Section 2.4. 
For experiments utilizing the manual control mode, a current of 20 mA was sent to fully open the 
pneumatic valve. The tunnel air was then throttled by manually opening the gate valve to maintain the 
desired stagnation pressure and tunnel conditions. The manual control mode was utilized during all base 
flow experiments (Chapter 3) and active flow control experiments (Chapter 6). Manual control proved to 
be more repeatable (experiment-to-experiment and day-to-day) while maintaining a similar stagnation 
pressure accuracy with standard deviations of less than 1.9 kPa (0.27 psia) during a single experiment.  
In addition to displaying the recorded pressures and temperatures in the LabVIEW VI, pressure 
and temperature values are presented to the tunnel operator on the instrument control display, shown in 
Figure 11. The thermocouple was connected to an Omega DP26-TC-A meter display located in the lower 
left corner of the instrumentation control display. The nylon pressure tubing connected to the tunnel 
components, namely the tank farm, stagnation chamber, nozzle exit, and test cell taps, was routed and 
connected to its respective pressure transducers within the instrument control display box. A list of the 
pressure transducers is included in  
Table 3. These pressures were displayed on Precision Digital PD765-6R2-10 digital meter 
displays. The stagnation pressure was recorded via the NI 6009 DAQ and used within the valve-
controlling PID algorithm. A detailed wiring diagram of the instrumentation control display is included in 
Appendix D. 
 
Figure 11. Instrumentation control display. Pressure is displayed in units of psia while the units of temperature are ˚C.  
Tank pressure
Cell pressure
Nozzle pressureStagnation pressure
Stagnation temperature
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Table 3. Instrument control display pressure transducers. 
Pressure Transducer Range 
Stagnation Omega PX309-100G5V 0-689 kPa (0-100 psig) 
Tank Ashcroft K15M0215F2300# 0-2068 kPa (0-300 psig) 
Nozzle Omega PX409-015A5V 0-103 kPa (0-15 psia) 
Cell Omega PX209-015A5V 0-103 kPa (0-15 psia) 
 
In addition to the classic measurements described above, the wind tunnel facilitated the use of 
non-intrusive, optical measurements for obtaining spatial distributions of pressure and velocity. The full 
details of these experimental methods will be described in later sections; however, it is relevant to 
describe seed particle injection options of the wind tunnel here. For the current velocity measurements, 
namely particle image velocimetry, seed particles were injected directly into the stagnation chamber at the 
tunnel centerline through a compression fitting. The tunnel was also equipped (though not utilized in the 
present work) for particle injection into the six-inch supply pipe after the control valves via one-inch 
threaded ports or at three radially distributed locations directly downstream of the flow-straightening 
honeycomb, before the nozzle. 
As part of the instrumentation, several safety features were set in place to ensure safe operation of 
the wind tunnel. First, a check within the LabVIEW VI was employed to ensure that the NI6009 DAQ 
was operating successfully. A 5 V test signal was output and then read into another channel of the DAQ 
board. Only after this correct sequence was performed could the pneumatic valve be opened, the tunnel 
experiment conducted, and data acquired. 
The next safety feature of the tunnel addressed the potentially catastrophic scenario inherent to 
the shared exhaust system. A solid “closed” and a machined “open” plate were changed out of the 
downstream portion of the diffusers of both the axisymmetric and 5” x 5” rectangular wind tunnels. These 
gates prevented air from travelling up through the tunnel not in use. Attached to the “open” plate was a 
key that fit to a relay mounted on the corresponding tunnel’s diffuser. The relays were configured to only 
allow that tunnel’s pneumatic valve to be opened if the key was inserted into the relay mechanism.  
Additionally, neither tunnel could be activated if both keys were inserted or if neither key was inserted. In 
this way, the relays functioned as interlocks and only allowed one tunnel to be operated at any given time. 
To help reduce human error, the “closed” plate was painted red, while the “open” gate was painted green. 
A complete description of the key/relay configuration can be Reference 113. 
Relay switches programmed into the digital meters in the instrumentation control display 
provided an additional level of safety. The electrical signal to the pneumatic valve would be open-
circuited if either the stagnation pressure exceeded a threshold of 483 kPa (70 psia) or if the test section 
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pressure exceeded a threshold of 103 kPa (15 psia). The valve would automatically close, avoiding an 
over-pressurization of the wind tunnel. This safety feature was redundantly programmed into the 
LabVIEW VI. The algorithm would close the valve if either of the aforementioned pressure thresholds 
were surpassed.  Virtual switches on the VI, representing the downstream gates, were also required to be 
correctly selected by the tunnel operator before the tunnel’s pneumatic valve would operate. Furthermore, 
an emergency wind tunnel shutdown switch was also installed on the instrument control display. 
2.4 Wind Tunnel Operating Conditions 
In addition to the sudden expansion experienced at the base corner (as depicted in Figure 1), the 
supersonic flow of the open-jet facility undergoes an expansion at the exit plane of the facility nozzle. The 
difference between the static pressure at the nozzle exit (Pnozzle) and static pressure of the outer separated 
test cell (Pcell) can cause over-expanded, “perfectly” expanded, or under-expanded jet conditions. The 
tunnel operating stagnation pressure was determined by closely matching these pressures for a perfectly 
expanded jet flow exiting from the nozzle. As such, potential interference waves emanating from the 
nozzle exit lip were eliminated.  
Depending on the base model installed and the ambient pressure (which provided a back 
pressure), the operating stagnation pressure ranged between 395 to 414 kPa (57.3 to 60 psia). Given these 
stagnation pressures, tunnel run times were approximately 100 seconds before the tunnel needed to be 
shut down. The tank farm was then replenished with compressed air. Selection of the tunnel operating 
condition was performed each day by completing a simple parametric sweep of stagnation pressure while 
monitoring the nozzle exit differential pressure (Pnozzle - Pcell). Figure 12 is a plot showing how the average 
differential pressure at the nozzle exit varied with stagnation pressure for the cylindrical afterbody. The 
matched pressure condition is shown to be near 409 kPa (59.3 psia). As mentioned above, both tunnel 
operating modes (automatic or manual) were capable of maintaining consistent stagnation pressures 
throughout a given run during steady operation. This consistency resulted in differential pressures of less 
than ±1.4 kPa (±0.2 psid) at any instant and standard deviations over a given experiment of less than 345 
Pa (0.05 psid).  
Past and present experiments have found that the recirculation region and base pressure 
measurements can be sensitive to run conditions and the nature of the jet expansion. To alleviate this 
concern, the base pressure coefficient was examined during stagnation pressure sweeps. The base 
pressure coefficient, Cpbase, defined as  
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where Pbase is the area-averaged base pressure, P∞ and M∞ are the freestream pressure and Mach number, 
respectively, and  γ is the specific heat ratio, is a common non-dimensional quantity used to characterize 
base pressure data. Here, the freestream static pressure was taken as the mean of the nozzle and afterbody 
pressures. The average base pressure coefficient is plotted against tunnel stagnation pressure, along with 
the matched pressure condition, for the cylindrical afterbody in Figure 13. As can be concluded from the 
figures, operating the tunnel with a stagnation pressure at or above the matched pressure condition (wind 
tunnel operating pressure) provided positive nozzle differential pressures and resulted in an invariant base 
pressure coefficient. On the contrary, stagnation pressures below the matched pressure condition provided 
a negative nozzle differential pressure, resulting in a slightly over-expanded jet with oblique shocks, 
ultimately increasing the base pressure coefficient. As such, running the tunnel at a slightly increased 
stagnation pressure was favored and utilized. 
 
Figure 12. Average differential pressure at nozzle exit for 
various tunnel stagnation pressures. 
 
Figure 13. Average base pressure coefficient for various 
tunnel stagnation pressures. 
 
The mean stagnation temperature was measured to be 279 ± 5 K for the cylindrical afterbody. 
During a given run, stagnation temperature standard deviations were no more than 0.4 K. Run-to-run 
variations were the largest contributor to the stagnation temperature uncertainty, with mean values 
ranging between 274 and 282 K. This variation in temperature resulted in 1.7% changes in freestream 
velocity, as measured during PIV experiments. 
The tunnel operating conditions and other relevant flow parameters are summarized in Table 4 
Calculated from the stagnation/freestream pressure ratio and assuming an isentropic expansion through 
the nozzle, the freestream Mach number was 2.49 ± 0.01.  This corresponds well with the freestream 
Mach number of 2.46 determined from the PIV data (assuming an adiabatic expansion from the 
stagnation chamber).  
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Table 4. Wind tunnel flow parameters. 
Parameter Mean Estimated Uncertainty 
Stagnation Pressure 411 kPa (59.6 psia) 1.7 kPa (0.25 psia) 
Stagnation Temperature 279 K 5 K 
Mach Number 2.49 0.01 
Freestream Velocity 559 m/s 3 m/s 
Unit Reynolds Number 44.4 106 m-1  1.4 106 m-1 
Mass Flow Rate 4.91 kg/s  0.04 kg/s 
 
Properly aligning the axes of the annular nozzle and model sting was of utmost importance for 
obtaining uniform, axisymmetric flow.  The tunnel is equipped with four nozzle adjustment blocks that 
are rigidly mounted to the stagnation chamber (see Figure 6). By adjusting the bolts in the center of each 
block, the nozzle was positioned (horizontally and vertically) within the clearances of the stagnation 
chamber and nozzle-mounting flange holes. Surface oil flow visualization on the base, base pressure 
measurements, and near-wake PIV experiments were utilized as diagnostics to ensure symmetric flow 
about the centerline of the base. For each model installation, a trial-and-error iterative process was 
conducted making minor adjustments to the nozzle position until the flow was uniform and the axes of the 
sting and annular nozzle were considered coincident. Locking nuts on each adjustment bolt were then 
secured to avoid slight misalignments. PIV experiments proved to be the most quantitative and sensitive 
technique for this centering procedure. 
2.5 Wind Tunnel Operating Procedure 
Below is the written standard operating procedure for conducting an experiment in the 
axisymmetric wind tunnel. Several steps refer to labeled components depicted in Figure 14, a schematic 
of the compressed air systems and wind tunnel. 
 
Figure 14. Compressed air and wind tunnel schematic. 
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TUNNEL START UP: 
1. Turn on compressors in the basement of MEL. 
 
2. Utilize appropriate Personnel Protective Equipment (PPE) including safey glasses and hearing 
protection.  
 
3. Lock entrance to ALA and turn on flashing caution light. 
 
4. Turn on instrumentation control display panel (Figure 11). Allow at least 30 minutes to warm up 
before running tunnel.  
 
5. Turn on Pressure Systems Model 98RK NetScanner. Allow at least 30 minutes to warm up before 
running tunnel. 
 
6. Inspect all tunnel seals and stuctures for integrity. Take special notice of tunnel windows. 
 
7. Ensure green, “Open” safety gate [1] is installed. 
 
8. Ensure red, “Closed” safety gate (not shown) is installed in the 5”x5” supersonic tunnel. 
 
9. Ensure all valves are in proper closed position. Make certain that tunnel manual gate valve [4] is 
in closed position. 
 
PNEUMATIC SUPPLY AIR: 
10. Open house air valve [A] to supply house air to the Valtek control valve. 
 
11. Check regulator gage [B] to ensure 80 psig supply pressure to control valve. If not, adjust 
regulator accordingly. Air will vent from control valve positioner. 
 
HIGH-PRESSURE AIR: 
12. Open the outside tank valve [2]. 
  
13. Open laboratory manifold valve [3].  
 
14. If operating tunnel with automatic control, slowly open manual gate valve [4] by turning the 
handle counter-clockwise, until completely open. 
If operating tunnel with manual control, keep manual gate valve [4] closed until step 31. 
 
DATA ACQUISTION: 
15. Open LabVIEW.  
 
16. Open Axisymmetric Tunnel.vi virtual instrument to acquire data and control the pnuematic control 
valve. 
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SYSTEM CALIBRATION: 
17. Open the valve on Nitrogen tank. 
 
18. Using the regulator, set pressure to 80 psig. 
 
19. In the LabVIEW VI, press the “play” button next to ReZero#6. Wait for calibration to finish, then 
repeat for ReZero#7 and ReZero#8. 
 
20. Repeat step 19 at least once. Rezeroing the transducers (steps 17-20) should be done before the 
tunnel is run for the first time and at least once a day. 
 
ESTABLISHING ATMOSPHERIC PRESSURE: 
21. Open the NUSS_Factory software on the computer. 
 
22. Right-click on Node 615 and select Connect. 
 
23. Right-click on Node 615 again, and select Execute Commands. 
 
24. In the green drop-down menu under Command to Send: type u00402 
 
25. Left-click Send Command or press Enter. 
 
26. The atmospheric pressure will be displayed. Check this value against the Setra Digital Pressure 
Gage (or other device) to ensure that the returned value is reasonable. 
 
27. Exit Execute Commands dialogue box. 
 
28. Right-click on Node 615, and select Disconnect. 
 
29. Exit Nuss_Factory. 
RUN EXPERIMENT: 
30. Finalize preparations for other diagnostics. 
 
31. If operating tunnel with automatic control: 
 In the Valve Control window, toggle the Auto/Manual switch to Auto. 
 Enter the desired stagnation pressure in psia. 
 Verify the correct safety gate installation and toggle the respective safety switches. 
 Click ACQUIRE to initiate the wind tunnel and data acquistion. 
 
If operating tunnel with manual control: 
 In the Valve Control window, toggle the Auto/Manual switch to Manual. 
 Verify the correct safety gate installation and toggle the respective safety switches. 
 Fully open the pneumatic valve by sliding the Cur2Valve indicator to 20 mA. 
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 In the Valve Control window toggle the Manual OPEN/Manual CLOSE switch to 
Manual Open. 
 Click ACQUIRE to initiate the wind tunnel and data acquistion. 
 Open manual gate valve until desired stagnation pressure. Continually open the gate 
valve to maintain the set point as the tank farm pressure decreases. 
 
32. Perform all necessary tasks associated with other diagnostics. 
SHUT DOWN: 
33. Select STOP from LabVIEW to stop data acquisition and close the pneumatic control valve. 
34. Close the manual gate valve [4] by turning the handle clockwise, until completely closed. 
35. Save acquired data, if desired. 
36. Close the house air ball valve [A]. 
37. Close the laboratory manifold valve [3]. 
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CHAPTER 3: BASE FLOW INVESTIGATION 
In this chapter, experiments investigating the basic axisymmetric, separated base flow without 
control will be discussed. A specific description of the base model will be provided, followed by the 
diagnostic techniques utilized in the study. Primary results will be presented including mean pressure 
distributions and velocity measurements of the approach and near-wake flowfields.  
3.1 Model Description  
The model arrangement was comprised of three components: 1) the hollow stainless steel sting, 
2) the cylindrical afterbody model, and 3) a flat-faced plug, as shown in Figure 15 (a). The 63.5 mm (2.5 
inch) diameter brass afterbody has a threaded connection with an o-ring in order to make an airtight, 
sealed connection within the sting. The flat-faced plug was inserted into and sealed with the common 
afterbody with an o-ring and vacuum grease, creating a flush, blunt-based model. The plug was firmly 
fastened to the cylindrical afterbody using a ¼”-20 retention rod that was affixed to the upstream end of 
the sting. A detailed cutaway schematic of the afterbody and flat-faced plug is shown in Figure 15 (b) to 
depict how the model was assembled.  
a) a)  b)   
c)   
Figure 15. Schematics of the a) blunt base configuration, b) internal view, and c) blunt base end view. Dimensions are in 
millimeters. 
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Mean static-pressure measurements were obtained using radially distributed taps on the base. On 
the cylindrical afterbody model, there were two arrays of static taps, separated by 120 degrees, each with 
seven pressure taps (0.79 mm in diameter) located across the radius of the base. Taps were located 
radially at 4.9, 7.7, 15.8, 19.0, 22.2, 25.4, and 28.6 mm (corresponding to r/R0 = 0.154, 0.242, 0.5, 0.6, 
0.7, 0.8, and 0.9) from the center. A third array is located on the base plug, 180 degrees from the first 
array, consisting of two pressure taps at radial locations of 4.9 and 7.7 mm (corresponding to r/R0 = 0.154 
and 0.242). These three pressure tap arrays are shown in Figure 15 (c) and labeled as Array 1, Array 2, 
and Array 3, accordingly. Along the afterbody, there were two sets of three taps, located at 3.2, 6.4, and 
9.6 mm (corresponding to x/R0 = -0.1, -0.2, and -0.3) axially upstream of the base corner. Detailed 
engineering drawings of the model components can be found in Appendix E. 
3.2 Diagnostics 
3.2.1 Pressure Measurements 
To evaluate the base pressure profile and the approach pressure field along the cylindrical 
afterbody surface, mean static pressure levels were measured. Pressure taps on the afterbody were 
connected to Pressure Systems Inc. pressure scanners (Netscanner Model 98RK and modules Model 
9816), as described in Chapter 2. In all cases, tubing from the model pressure taps were routed through 
the hollow sting to the pressure scanners. 
3.2.2 Particle Image Velocimetry (PIV) Measurements 
Two-component planar PIV measurements were performed to quantify the approach velocity 
field along the cylindrical afterbody and in the near-wake region. A schematic of the experimental setup 
for acquiring the PIV images in the wind tunnel is shown in Figure 16. A dual-head New Wave Nd:YAG 
laser with 532 nm output supplied two laser pulses, each delivering an energy of approximately 120 mJ. 
A laser separation time of 2 μs was utilized for all near-wake regions investigated. For the approach 
velocity field to investigate the boundary layer on the afterbody before separation, the laser separation 
time was reduced to 0.5 μs for the decreased field-of-view. Spherical and cylindrical lenses were used to 
form a thin laser sheet (~0.2 mm) to illuminate tracking particles in the imaging plane. For all cases, the 
laser sheet was passed vertically through the bottom window of the wind tunnel, along the center axis, 
bisecting the afterbody base. An 85 mm, 1:1.4D Nikon Nikkor AF lens mounted to a high-resolution 
(2048 2048 pixel) Cooke Corporation PCO.2000 charge-coupled device (CCD) camera was used to 
collect scattered light from the PIV tracer particles. To set the imaging magnification, a single Nikon PK-
12 14 mm extension tube was used for the near-wake fields-of-view (discussed below), while a 
combination of two PK-12 14 mm and a PK-11 8 mm extension tubes was used for the zoomed-in 
boundary layer acquisition. A narrow-band-pass interference filter was used to suppress background 
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illumination. Additional efforts to reduce spurious laser light included painting the test section walls and 
one of the side widows (opposite to the camera) with a black matte paint. A coat of clear enamel mixed 
with sulforhodamine 101 was also found to reduce problematic reflections that could contaminate the 
particle images. 
 
Figure 16. Schematic of base flow PIV setup. 
The flow field was seeded with mineral oil-based PIV particles injected into the stagnation 
chamber by a Concept Smoke Systems ViCount 1300 aerosol generator. The manufacturer’s reported 
mean particle diameter for this aerosol generator is 0.2 to 0.3 micron.
124
 An estimation of the maximum 
Stokes number, or ratio of the particle relaxation time to the characteristic flow time, was calculated to be 
approximately 0.03, considering the shear layer thickness measured close to the base separation as the 
characteristic flow length scale. Owing to the small particle size, the low Stokes number implies that the 
oil seed particles are high-fidelity tracking particles for the given flow field. A detailed uncertainty 
analysis, containing a comprehensive examination of particle slip is included at the end of this section. 
Figure 17 shows the three fields-of-view utilized during the PIV image acquisition of the flow 
field which was comprised of the boundary layer (labeled BL) and two near-wake locations (labeled A 
and B). Imaging position BL includes the boundary layer along the afterbody, the centered expansion, and 
the initial free shear layer just after separation. Imaging position A captures the recirculation, 
recompression, and reattachment regions, while position B primarily images the reattachment region and 
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developing wake. A total of 1585 image pairs were acquired at position BL; however, this number was 
reduced to 1374 as 211 image pairs were manually filtered due to obviously erroneous data caused by 
excess laser scatter saturating the CCD sensor. For each of the positions A and B, 2520 image pairs were 
recorded. Table 5 summarizes the details of the imaging locations. The two near-wake fields were aligned 
and stitched together to make continuous velocity and turbulence property maps. A MATLAB algorithm 
was written and executed to minimize the average difference in the speed magnitude between the overlap 
regions of the two views. For proper alignment, the optimized shift for the downstream field of view was 
a negative streamwise translation of 0.1 mm (0.004 in) and a negative radial shift (i.e., downward) 
translation of 1.0 mm (0.04 in). The two views are stitched together at x/R0=3.0. 
  
 
Figure 17. PIV imaging positions of the approach and near-wake flowfields. 
Table 5. PIV imaging details. 
Imaging 
Position 
Location Radial Coordinates Axial Coordinates Resolution 
Laser 
Δt 
BL Boundary layer 
r/R0 = [0.02, 1.15] x/R0 = [-0.18, 0.39] 57.4 
pix/mm 
0.5 μs 
r = [0.54 mm, 36.4 mm] x = [-5.6 mm, 12.2 mm] 
A 
Initial shear layer / 
recirculation region 
r/R 0= [-1.45, 1.45] x/R0 = [0.07 - 3.0] 21.8 
pix/mm 
2 μs 
r = [-46, 46 mm] x = [2.2 mm, 95.6 mm] 
B Trailing wake 
r/R0 = [-1.45, 1.45] x/R0 = [2.1, 5.0] 21.8 
pix/mm 
2 μs 
r = [-46, 46 mm] x = [66.5 mm, 160 mm] 
 
The double-pulsed particle images were processed with LaVision DaVis 8.1 software. Particle 
displacements are determined from multi-pass, cross-correlation calculations using 50% interrogation 
BL
A B
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window overlap. The correlation process used eight iterations at interrogation window sizes of 6464 
and 3232 pixels with no weighting function, while the final pass consisted of two iterations at a window 
size of 1616 pixels. The final pass utilized an adaptive PIV technique. Post-process filtering, including 
a minimum peak ratio Q equal to 2 and a set allowable vector range, was utilized to eliminate erroneous 
vectors in the instantaneous velocity fields. No interpolation was used. Eliminated vectors were not 
counted toward the mean velocity or turbulence statistics. Accordingly, the actual number of vectors 
contributing at each interrogation location varied from the nominal number of image pairs collected.  
As mentioned earlier, centering the model sting to the centerline of the axisymmetric nozzle was 
crucial for obtaining truly axisymmetric flow. Previous investigations in the current axisymmetric wind 
tunnel reported using the Reynolds shear stress as the metric for centering symmetry. The measured 
centerline wake (specified as the location where <u'v'>=0) was within 2 mm of the geometric model 
centerline.
3
 In the current study, the location where <u'v'>=0 was on average to be within 0.2 mm of the 
model centerline, with the absolute maximum of 1.5 mm. 
3.2.3 Particle Image Velocimetry Uncertainty 
The uncertainty associated with the mean PIV measurements was quantified by following the 
procedure outlined by Lazar et al.
125
 The method considered four independent uncertainty sources 
contributing to the overall measurement technique: equipment, particle dynamics, sampling, and image 
processing. Uncertainty values were estimated at every interrogation region to yield a quantity specific to 
the local flow condition. For this analysis, only the upstream view, imaging position A, was scrutinized as 
it contained the largest velocity gradients and strongest flow features (i.e, shear layer and centered 
expansions) that are most susceptible to the uncertainties of the measurement technique. Each of the four 
sources of uncertainty, followed by the total combined uncertainty will be discussed and presented as a 
percentage of the freestream velocity (U∞=559 m/s). 
The portion of the total uncertainty contributed by equipment (εE) considered uncertainties associated 
with image calibration and the accuracy of the diagnostic timing. The quantities that typically have the 
most significant effects include: calibration length scale (wl), calibration scale image plane length (wL1), 
image distortion due to aberrations (wL2), distance from the calibration scale to the lens (wλ), laser pulse 
timing (wt1), and accuracy of the delay generator (wt2). Combining these contributors by the root-sum-
square formula: 
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, (3.1) 
the equipment-related uncertainty normalized by local fluid velocity was approximately 0.3% and is 
spatially uniform. When normalized by the freestream fluid velocity, the maximum value is 
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approximately 0.3% and is concentrated primarily in the high-speed freestream locations. Equipment 
uncertainty in the recirculation region is generally less than 0.1%. 
Inherent to the PIV diagnostic technique is the assumption that the tracer particle velocity 
matches that of the fluid velocity of the flow field under consideration. To validate the degree to which 
that assumption holds, the particle dynamics of the tracer particles were scrutinized considering the 
Stokes drag law. Following the assumptions outlined in Reference 125 the particle dynamics uncertainty 
(εPD) is expressed in terms of particle slip, that is, the velocity difference between the fluid (uf) and the 
tracking particle (up), and is estimated using the closed form equation: 
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 (3.2) 
where the subscripts f and p correspond to fluid and particle properties, respectively, μ is dynamic 
viscosity and, ρ is density. The viscosity field of the fluid is estimated using Sutherland’s law (assuming 
an adiabatic relation to determine the local temperature). The spatial derivative (∂/∂xp or ∂/∂rp) of the 
particle velocity is estimated using a second-order central difference scheme, while the temporal 
derivative (d/dt) is the velocity measured by the PIV technique. Mean and maximum estimates of the slip 
velocity are approximately 0.5 m/s and 8 m/s, corresponding to less than 0.1% and 1.5% of U∞. The 
largest slip velocities were observed in the centered expansion fan, very near to the corner separation. 
To obtain accurate mean velocity and turbulence properties of a flow field, a sufficiently large 
sample size of instantaneous vector fields, or realizations, is necessary. Characteristic to turbulent flows, 
fluctuating velocity or root-mean-square (RMS) deviations from the mean are represented as turbulent 
intensities (σ). Moreover, considering a confidence interval, the standard error of the mean ( ), can be 
calculated from 
 S
n

    (3.3) 
where n represents the total number of samples, to adequately estimate the uncertainty of the mean PIV 
velocity measurements due to sampling (εS). For the current flow field, a nominal sample number of 2520 
vector fields, and a confidence level of two standard deviations (95% confidence interval), the average 
sampling uncertainty of the mean velocity was calculated to be 0.4% of the freestream velocity.  
The final contributor to the total PIV measurement uncertainty comes from the image processing 
(εIP), that is, the details of the cross-correlation calculation to determine velocity vectors. To estimate the 
uncertainty associated with the current PIV processing, synthetic particle image pairs were generated 
from the mean velocity field and processed in LaVision DaVis using the exact set of parameters as 
described above in Section 3.2.2. The differences in the experimental velocity field and the synthetically 
reconstructed velocity field were calculated with the mean absolute value being less than 0.5%. The 
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majority of the flow field (approximately 87% of the interrogation regions) had calculated processing 
uncertainties of less than 1% of the freestream. Conversely, a small portion of the flowfield (less than 
0.4%) had values of greater than 5%, all of which are contained in the beginning of the separated shear 
layer (0 < x/R0 < 1). 
The resulting overall uncertainty (εT) was determined using the root-sum-square equation: 
 
2 2 2 2
T E PD S IP         (3.4) 
where εE, εPD, εS, and εIA correspond to the contributions from the aforementioned sources. The total 
streamwise and radial velocity uncertainties are shown in Figure 18 as the percent uncertainty of the 
freestream velocity. As can be observed from the figures for both flow directions, the vast majority of the 
calculated fields (approximately 84% of the streamwise vectors and 98% of the radial vectors) have total 
uncertainties less than 1% of the freestream velocity.  In the worst-case uncertainty range, less than 5% of 
the streamwise vectors and 0.4% of the radial vectors had combined uncertainty values exceeding 2%. It 
is apparent that the greatest uncertainties are located in the regions of the flow where local fluid (and 
hence particle) accelerations are the most extreme, namely the beginning of the separated shear layer. 
This should be anticipated because in this region the particle lag is expected to be the greatest due to high 
spatial velocity gradients and the strongest possibility for non-uniform or inadequate distribution of seed 
particles.   
a)  b)  
Figure 18. Total uncertainty for the PIV a) streamwise and b) radial velocity fields; shown as percent of the freestream 
velocity. 
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3.3 Results 
3.3.1 Approach Flowfield Measurements 
Static pressure, mean velocity, and turbulence data have been acquired upstream of the base 
corner separation to fully document the approach conditions for the near-wake flowfield. These 
measurements, specifically the mean boundary layer velocity profile, have been shown to have a direct 
influence on the supersonic base flow and base pressure distribution.
39,41
 The static pressure distribution 
along the cylindrical afterbody near the base corner separation, normalized by the stagnation pressure, 
was measured to be 0.0633 ± 0.002. Being downstream of the last characteristic in the nozzle flow, the 
pressure field at the three different axial sting positions was found to be relatively constant, as was 
expected. 
From the mean PIV velocity measurements obtained at imaging position BL and assuming the 
nozzle flow underwent an adiabatic expansion from the stagnation chamber, the approach Mach number 
was determined. Though the measurements were obtained on the bottom of the sting (see Figure 17), 
boundary layer profiles are presented here conventionally, with the positive wall-normal (i.e., radial) 
direction plotted vertically upward on the page. The mean Mach number distribution at the nozzle exit is 
shown in Figure 19. The mean freestream Mach number was determined to be 2.46 ± 0.02. This value 
corresponds with a freestream velocity of 559 m/s, which will be used to normalize a majority of the PIV 
measurements of the near wake to be presented in the next section. Mean turbulence intensity in the 
freestream was found to be approximately 2%.  
 
Figure 19. Mean Mach number distribution at nozzle exit. 
Mean velocity profiles at several axial locations upstream of the base corner were found to be in 
very good agreement (close to the uncertainty of the measurements), indicating a fully-developed 
approach boundary layer, prior to separation. The mean velocity profile measured at the axial location 
x/R0=-0.03 (1 mm upstream of the base corner) is plotted in physical coordinates in Figure 20. LDV data 
obtained by Herrin and Dutton
3
 at the same axial location are included in the plot for comparison and are 
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found to be in excellent agreement with the current results. The small probe volume associated with LDV 
allowed for measurements down to 0.25 mm off of the surface. For the current PIV results, reflections 
caused by the laser sheet terminating into the afterbody prohibited measurements closer than 0.68 mm off 
the surface. Figure 21 displays the PIV boundary layer measurements plotted in conventional wall 
coordinates, along with a Sun and Childs
126
 modified-wall wake velocity profile fit for turbulent 
compressible boundary layers. The upstream boundary layer conditions are summarized in Table 6, where 
the boundary layer thickness (δ) was determined by the wall-normal distance at 99% of the freestream 
velocity. The boundary layer displacement thickness (δ*), momentum thickness (θ), and shape factor 
(H=δ*/θ) were calculated from their incompressible definitions, as to eliminate the need to make 
assumptions regarding the density (and hence temperature) profile. Calculated from the modified wall-
wake profile, the dimensionless parameters of skin friction coefficient (Cf) and the wake strength 
parameter (Π) are in agreement with those found for compressible, turbulent boundary layers.126,127 
 
Figure 20. Approach boundary layer velocity profile at 
x/R0 = - 0.03 (x=-1 mm), upstream of the base corner. 
 
Figure 21. Sun and Childs126 curve fit of boundary layer 
upstream of the base corner. 
 
Table 6. Approach boundary layer properties. 
Quantity Value 
δ 3.66 mm 
  δ* 0.46 mm 
θ 0.35 mm 
H 1.31 
Π 0.53 
Cf 0.0017 
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3.3.2 Base Pressure Measurements 
 
Mean static base pressure measurements, normalized by the freestream static pressure (P∞), are 
reported in Figure 22. The base pressure is shown to be quite uniform (note the expanded ordinate scale), 
increasing slightly with increasing radius. The maximum pressure measured at the outer location was 
5.3% greater than that measured near the center of the base. Simlar pressure distributions have been 
reported by Herrin and Dutton
3
 and Reid and Hastings
128
 for supersonic axisymmtric base flows with the 
maximum rise in pressure of 3.9% and 3%, respectively. The bars in Figure 22 are representative of plus 
or minus one-standard deviation in the collected data. Actual standard deviation values for Pbase/P∞ ranged 
from 0.004 to 0.017, representative of approximately 0.6% to 3.1% of the computed pressure ratio. From 
a complete propagation of errors analysis, the mean base pressure ratio uncertainty was computed near 
3%, while the absolute worst-case scenario resulted in an uncertainty of 4%.  
Despite having time-averaged quantities that are symmetric across the model axis (within the 
measurement uncertainty), it is apparent that the pressure ratios recorded from Array 2 experienced 
noticeably larger fluctuations compared to those in Array 1 and 3. This is attributed to the extremely 
sensitive recirculation region and highlights the importance of accurately centering the axis of the nozzle 
with the axis of the model sting. The smaller fluctuation magnitudes displayed by Arrays 1 and 3 are 
consistent with how the sting and nozzle were primarily centered. That is, the laser sheet used for the 
sting-centering PIV experiments was aligned with Arrays 1 and 3.  
 
Figure 22. Base pressure distribution. 
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An area-weighted average of the base pressure distribution was calculated using the trapezoidal-
rule integration technique. The non-dimensional average base pressure coefficient was calculated to be 
base
Cp =-0.103 ± 0.004. This compares well to 
base
Cp =-0.102, measured previously for similar flow 
conditions.
3
 The net afterbody drag coefficient is equal to the negative of the average base pressure 
coefficient; therefore for the current measurements, CD= baseCp =0.103. 
3.3.3 Near-Wake Mean-Velocity Measurements 
Primary particle image velocimetry results in the form of mean and turbulence velocity 
measurements in the near wake of the cylindrical afterbody are presented. As mentioned in the 
introduction, uniform seed distribution in high-speed separated flows has previously proven to be a 
challenging task, especially in the recirculation region.
18,20
 First introduced to the current axisymmetric 
facility by DeBlauw,
22
 utilizing the ViCount 1300 aerosol generator has allowed for reliable and robust 
seeding for particle image velocimetry. Shown in the example particle images of the near-wake, Figure 23 
shows the freestream areas having dense, homogeneous seeding and the recirculation region where fewer 
particles are present. Despite these lower levels of particles in the separation bubble, strong correlations 
are detected in the processing to provide high-fidelity velocity magnitudes and directions. Overall seeding 
levels between the top and bottom supersonic streams have been observed to fluctuate; however, 
significant improvements have been realized since previous efforts by optimizing the supply pressure to 
the aerosol generator. By injecting the seed particles at a pressure of 458 kPa (66 psia) directly into the 
stagnation chamber, a more uniform seeding (spatially throughout an image and from image pair-to-
image pair) was obtained. Fewer packets of agglomerated particles were observed, resulting in 
significantly fewer image pairs and/or erroneous vectors being filtered out. Purge runs, however, were 
necessarily performed after each data collection run to reduce the accumulation of deposited oil on the 
nozzle, sting, base, and test section windows. 
  
Figure 23. Sample particle images near to the base (imaging position A). 
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Figure 24 presents the mean speed in the near-wake of the axisymmetric base flow with 
streamlines superimposed. In this and subsequent figures, the origin of the cylindrical coordinate system 
has been placed at the radial center of the base, with the positive axial direction pointing downstream. For 
spatial reference, the black rectangle to the left represents a scaled notional base. Dimensions are 
normalized by the base radius (R0). The contour plot shows the turning of the mean flow through the 
centered expansions at the base corner, the converging shear layer, the relatively low-speed recirculation 
region, the stagnation point/ reattachment location (shown as the white dot), and the realigning wake. The 
streamlines reveal the symmetrical recirculation region behind the base geometry as two counter-rotating 
regions in this cross-section (actually a single torus), as depicted in the generalized schematic in Figure 1. 
Delimiting the separated recirculation region from the high-speed freestream, the steep velocity gradient 
in the initial shear layer close to the base is indicated by the drastic contour changes. The shear layer 
growth is observed in spreading of the contour levels prior to reattachment, followed by the development 
of the downstream wake. A gradual recompression of the outer flow is evident as the velocity returns 
toward the freestream value. Within the recirculation region, fluid accelerates upstream away from the 
rear stagnation point toward the base.  
 
Figure 24. Normalized mean speed distribution with streamlines overlaid throughout the near wake. 
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The ensemble-averaged streamwise velocity (U/U∞) contours are shown in Figure 25. Mean 
vectors are overlaid and represent a subset of the total number of vectors by a factor of twenty in the axial 
direction and a factor of five in the radial direction. The dominance of the axial velocity to the flow field 
is apparent when comparing the axial velocity contour distribution to the mean speed distribution in 
Figure 24. Many of the main flow features, in addition to the negative (or upstream) axial velocity in the 
recirculation region are apparent. 
 
Figure 25. Mean axial velocity distribution with mean vectors overlaid. 
Figure 26 shows the ensemble-averaged radial velocity (Vr/U∞) contours, with mean velocity 
vectors overlaid. Again, a subset of the total vectors is displayed by factors of twenty and five in the axial 
and radial directions, respectively, for clarity. The flow-turning expansions are readily observed and are 
centered at the base corner. Past the expansions, the inviscid outer flow continues toward the axis and the 
radial velocity increases up to a maximum value of 0.23U∞, close to two base radii downstream. This 
magnitude and location are in excellent agreement with values reported by Ref. 3. The diverging contours 
again indicate the spreading of the shear layer with downstream axial distance. Within the recirculation 
region on either side of the axis of symmetry, exist two areas of increased radial velocity. First, located 
along the base, large outward radial velocity is experienced from the significant mass entrainment at the 
initial stage of the shear layer near the base corner. Second, between x/R0=0.5 and 1, the contours reveal 
the orientation of the mean recirculation bubble. Beyond reattachment, the flow field realigns with the 
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axis of symmetry as the radial velocity diminishes; however, a slower, more gradual realignment process 
is noted in the subsonic wake near the axis. 
 
Figure 26. Mean radial velocity distribution with mean vectors overlaid. 
Centerline axial velocity is presented in Figure 27 spanning from the base to the edge of the test 
section window and is compared to that measured with LDV by Herrin and Dutton.
3
 In general, relatively 
good agreement is shown; however, typically reported values, including the locations of the maximum 
reverse centerline velocity and rear stagnation point, are measured slightly further downstream of the base 
for the current data. The maximum reverse velocity was measured to be 0.26U∞ and is observed at an 
axial location of x/R0=1.66, whereas the LDV data took a comparable value of 0.27U∞ located near 
x/R0=1.5. The rear stagnation point (labeled S), clearly defined at the axial location where U=0, occurs at 
x/R0=2.78 (88.3 mm), compared to x/R0=2.65 for the LDV measurements. Beyond reattachment, the wake 
recovers, and the flow reaccelerates to a value of 0.56U∞ within the extent of the measurement domain. 
The sonic point on the centerline occurs near x/Ro=4.97, which compares extremely well to similar 
measurements of 5.0 and 5.1 reported in Ref. 3 at a freestream Mach number of 2.46 and by Neale et 
al.
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 at a freestream Mach number of 3.0, respectively.  
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Figure 27. Mean axial velocity distribution along the model centerline. 
For a more quantitative presentation of the velocity distributions with downstream position, 
profiles of the mean axial and radial velocity extracted at different axial locations are plotted in Figures 
28 (a) and (b), respectively.  Furthermore, the profiles demonstrate the symmetry of the measurements by 
reflecting the PIV profiles from the bottom half of the imaging plane (i.e., at locations r<0). The variable 
plotted is shown at the upper right of the plot, the scale of the plotted variable at the upper left, and the 
axial location and zero level are indicated by the vertical dashed line to the left of each profile. Mean 
velocity profiles at axial locations of x/R0=0.09, 0.71, 1.32, 1.93, 2.55, 3.16, 3.78, and 4.40 are shown. 
Select results from previously reported LDV data are included for comparison and are found to be in good 
agreement. The axial velocity profiles in Figure 28 (a) display even symmetry, while radial velocity 
profiles in (b) show odd symmetry with Vr=0 at the model centerline. Extremely minor deviations are 
present between the top and bottom profiles (as well as compared to the LDV data), primarily in the shear 
layers and may be attributed to the presence of slight asymmetries of the converging-diverging nozzle 
contour or misalignment of the sting. In both velocity profiles nearest to the base corner, significant 
distortions are evident as a result of the flow separation and strong centered expansion. Downstream of 
the reattachment point, the recovering wake is shown from the spatial evolution of the velocity profiles. 
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a)  
b)  
Figure 28. Mean velocity profiles. 
3.3.4 Near-wake Turbulence Measurements 
The near-wake flow field aft of the cylindrical afterbody is quite dynamic with significant 
unsteadiness in terms of both local turbulent activity and instantaneous structure. Considering the 
instantaneous velocity fields that make up the ensemble-averaged results presented above, it is evident 
that the flow rarely experiences the symmetric, mean flow field on an instantaneous basis. To give a sense 
of the dynamical behavior of the near-wake region, several fields of instantaneous axial velocity contours 
with vectors overlaid are illustrated in Figure 29. Here, a subset of the total vectors is displayed by a 
factor of ten and five in the axial and radial directions, respectively. These fields reveal that the structure 
of the near field fluctuates substantially in time, including the directionality of the flow in the 
recirculation region. The top-left figure shows a predominantly symmetrical recirculation region, while in 
the top-right figure the reversed flow is directed more downward. The bottom-left figure shows the 
reversed flow directed more upward, while in the bottom-right figure the reversed flow splits (with some 
fluid directed toward both the top and bottom of the base). With the potential improvements to numerical 
prediction of flowfield properties with the consideration of unsteadiness, the data presented in this section 
will aid in computational predictive efforts and add new full-field insight into the turbulence structure 
contributing to the near-wake of axisymmetric bodies. 
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Figure 29. Instantaneous axial velocity distributions of the near wake (imaging position A) with vectors overlaid. 
Root-mean-square fluctuation velocities in the axial and radial directions were measured and are 
presented, normalized by the freestream velocity, in the form of turbulence intensities (σ/U∞). The 
standard deviation in the local velocity is defined as: 
 
1
2 2
U u   (3.5) 
and  
 
1
2 2
Vr v   (3.6) 
for the axial and radial directions, respectively. Here, represents the expected value or ensemble-
average quantity, while the velocity fluctuations in the axial and radial directions are given as 
 u U U    (3.7) 
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and 
 
r rv V V   , (3.8) 
respectively. 
Displayed with the same contour scale for comparison, Figures 30 (a) and (b) display the axial 
and radial turbulence intensities, respectively. The white dot, again, denotes the mean reattachment 
location along the model centerline. Significant increases in turbulence magnitude are apparent in the 
shear layer and wake compared to the freestream. Regions of high axial velocity fluctuations are found in 
the inner, subsonic portion of the shear layer prior to and at reattachment. Peak axial turbulence intensity 
of 20% of the freestream velocity occurs near x/R0=2.4, or approximately 87% of the axial distance from 
the base to reattachment. This peak value agrees well with the reported value of 22% of U∞, located at 
83% of the reattachment length for the axisymmetric case.
3
 The peak intensity in the current data for the 
axisymmetric geometry, however, is positioned further upstream compared to the maximum axial 
turbulence intensity located at reattachment for the separated planar flow field.
18,19
 Interestingly, along the 
radial center at the same axial location, a trough of lower turbulent intensity is present and persists beyond 
the rear stagnation point (see also Figure 31 (a)). Further downstream, a broadening of the high-
turbulence regions occurs due to the large-scale interaction and the merging of the axisymmetric shear 
layer. Along the wake axis, turbulence activity increases, yet distinct peaks on either side of the axis of 
symmetry persist through the remainder of the measurement domain.   
Contours of the radial turbulent intensity, shown in Figure 30 (b), follow the same general trends 
described for the axial turbulence intensity, but with lower fluctuation levels. Typical anisotropy values 
(σU/σVr) in the shear layer range between 1.5 and 2.0. Peak radial fluctuations are experienced at the inner 
edge of the shear layer with a magnitude of 14% U∞ in approximately the same axial location recorded for 
the maximum axial fluctuations. Neglecting near-base effects (x/R0<0.5), the recirculation region 
experiences a gradual increase in radial turbulent intensity with increasing downstream position through 
and just beyond reattachment (see also Figure 31 (b)). Further downstream, as the converging shear layers 
transition to a wake, lower turbulence levels are observed as the mean shear rate (∂U/∂r) diminishes. 
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a)   
b)  
Figure 30. a) Axial and b) radial turbulence intensity contours. 
Often used for comparison by computational predictions, the axial and radial turbulence 
intensities along the model centerline are plotted in Figures 31 (a) and (b), respectively. Near to the base, 
turbulence energy is exchanged as the axial component increases to a peak near one base radius 
downstream, while the radial component drops drastically away from the base. As seen in Figure 30 (a), a 
local minimum in the axial turbulence intensity extends beyond the reattachment point and gradually 
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increases through the latter stages of recompression. In direct contrast, Herrin and Dutton
3
 found peak 
levels of axial turbulence intensity along the centerline at the reattachment point for an axisymmetric 
model at similar flow conditions. These LDV data, however, were only thoroughly measured along the 
centerline and upper half of the flow field (i.e., r > 0). Although uncertain, this discrepancy may be 
attributed to a minor misalignment of the nozzle and sting in the previously reported LDV data. For the 
radial turbulence intensity, a broad maximum that spans reattachment and into the developing wake is 
seen. 
a)  b)  
Figure 31. a) Axial and b) radial turbulence intensities along the model centerline. 
In addition to the turbulence intensity components presented above, axial-radial Reynolds shear 
stress was measured. Non-dimensionalized Reynolds shear stress contours are shown in Figure 32. 
Throughout the majority of the recirculation region, specifically near to the base, shear stress magnitudes 
are low indicating an absence of large-scale turbulence. The peak dimensionless shear stress occurs 
upstream of reattachment at x/R0=2.35 and takes a value of 0.016. The regions of elevated shear stress 
magnitude reside in the inner, subsonic portion of the shear layer, further highlighting the importance of 
the large-scale structures’ influence on mass entrainment from the recirculation region. In contrast, the 
outer edge of the shear layer experiences a decrease in shear stress as a product of bulk dilation associated 
with the rapid expansion. Figure 33 shows several shear stress profiles obtained at different axial stations 
and helps to quantitatively illuminate conclusions drawn from the Reynolds shear stress contours. Similar 
to the line profiles shown earlier, the scale is displayed above the figure and the vertical dashed lines 
presented to the left of each profile denote the axial location and zero level. As before, profiles from the 
bottom half of the flowfield (r < 0) are shown, in addition to select LDV data. Prior to reattachment, the 
profiles display sharply defined shear stress peaks that follow the converging shear layer. A significant 
change is noticed as the profiles transition to a more distributed curve as the shear layer merges into the 
trailing wake. This reduction in shear stress (and turbulence intensity, shown in Figure 30) further 
0 1 2 3 4 5
0.06
0.08
0.1
0.12
0.14
x/R
0

U
 /
 U

S
0 1 2 3 4 5
0.06
0.08
0.1
0.12
0.14
x/R
0

V
r 
/ 
U

S
 58 
corroborates previous observations,
17
 suggesting that the stabilizing effect of the lateral streamline 
convergence outweighs the destabilizing effects of bulk compression and concave streamline curvature. 
 
Figure 32. Reynolds shear stress contours. 
  
 
Figure 33. Reynolds shear stress profiles. 
3.3.5 Free Shear Layer 
The previous sections have highlighted the importance of the shear layer to the overall dynamics 
of the near-wake flowfield.  As such, a closer investigation of the flow as it separates from the base corner 
and the initial shear layer development is presented.  
To be consistent with previous shear layer studies, the frame of reference is rotated such that the 
major axis is aligned with the direction of the mean shear layer growth. For the axisymmetric geometry, 
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the local shear layer angle does change with streamwise direction due to recompression, reattachment, 
and axisymmetric effects. Therefore, an estimate of the mean shear layer angle was determined by 
considering the coordinates where the axial velocity component equaled 50% of the freestream velocity, 
over the range of 0.19 < x/R0 < 2.2 (6 mm < x < 70 mm). The upstream bound was selected as it was the 
closest axial location to the base considered to be void of afterbody boundary layer thickness, laser glare, 
or processing edge effects. The downstream bound was selected as it was upstream of any significant 
recompression or reattachment influence. Analysis was performed on both the top and bottom shear 
layers (denoted from a two-dimensional slice of the conical, axisymmetric shear layer) and are found to 
be in exceptional agreement, further substantiating the claim of an axisymmetric flowfield. The average 
shear layer angle was found to be -13.4° and 13.3° from the horizontal for the upper and lower shear 
layers, respectively. With this coordinate rotation, shear-layer-parallel (U') and shear-layer-normal (Vr') 
velocity components were established.  
The shear layer growth downstream of the corner separation is shown in Figure 34, for the top 
portion of the flowfield. In this figure and through this analysis, the shear layer thickness (b) is defined as 
the shear-layer-normal width between the 10% and 90% of U∞ locations. Different than conventional 
planar shear layer notation, this definition is used to circumvent the fact that the velocity at the inner edge 
of the shear layer varies significantly with axial distance as shown in Figure 27. Shown in Figure 34, the 
10%, 50%, and 90% velocity lines are radially spaced close together near to the base indicating a drastic 
velocity gradient, just after separation, followed by shear layer growth with downstream axial position. 
The shear layer thickness distributions for both the top and bottom shear layers are shown in Figure 35. 
The shear layer growth appears to occur in two parts. The first is during the initial development where the 
shear layer is recovering from the base separation and the flow-turning expansion, followed by a reduced 
growth rate in the fully-developed region beyond x/R0>1.25. Determined from a least-squares fit, the 
growth rate (db/dx) was estimated to be 0.102 for the initial growth and 0.055 for the fully-developed 
region. In addition, the convective Mach number (Mc=∆U/(2 a ), where a is the mean speed of sound) 
representative of the shear layer takes a value of approximately 1.26, indicating significant 
compressibility effects. 
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Figure 34. Shear layer development downstream of the base separation. 
 
Figure 35. Shear layer velocity thickness. 
When considering the local shear layer development (as opposed to the global near-wake 
flowfield), it is appropriate to move the rotated coordinate frame’s origin to the base corner, establishing 
shear-layer-parallel (x') and shear-layer-normal (r') coordinate directions. While the results presented in 
this chapter serve as the baseline data (i.e., no flow-control), this transformation will be convenient for 
comparisons with the active flow-control data, to be presented in Chapter 6. Accordingly, the mean initial 
shear layers for the axisymmetric separated base flow, transformed with shear-layer coordinates are 
presented in Figure 36. In this figure, the vertical axis has been expanded by a factor of two compared to 
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the horizontal to more clearly show the features of the shear layer. Contours of shear-layer-parallel 
velocity, including boundaries demarcating the 10%, 50%, and 90% velocity locations are shown for the 
top and bottom shear layers. The bottom shear layer in Figure 36 (b) has been reflected across the model 
axis of symmetry (wind tunnel coordinates) for direct comparison with the top shear layer in (a). The 
rapid expansion is apparent in the upper left, emanating from the base corner. A strong velocity gradient 
is present as the shear layer initially forms. As the shear layer develops, more of the growth occurs at the 
inner edge (r < r50) where mass entrainment is significant.   
a)  
b)  
Figure 36. Local  development of the a) top and b) bottom shear-layer rotated in shear-layer coordinates. 
In this chapter, an overall description of the massively separated, supersonic axisymmetric base 
flowfield has been presented. Base pressure measurements are reported for this baseline, no flow-control 
geometry that will serve as the benchmark for comparison with the passive and active-flow control 
experiments to be discussed in the following chapters. Particle image velocimetry measurements have 
been obtained in the approach and near-wake flowfield to fully document the time-mean velocity and 
turbulence properties present.   
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CHAPTER 4: PASSIVE FLOW CONTROL INVESTIGATION 
This chapter describes the research effort to characterize the flow control authority of splitter 
plates as a passive flow control methodology for massively separated high-speed base flows. Details of 
the model and splitter plates are provided, followed by a description of the diagnostic techniques used to 
measure the flow control influence. Results of mean and high-frequency static pressure measurements, 
schlieren imaging, surface flow visualization, and pressure-sensitive paint measurements are presented 
and discussed. 
4.1 Splitter Plate Description 
Similar to the model described in the base flow investigation in Chapter 3, the model arrangement 
consisted of the same stainless steel sting, the same common cylindrical afterbody model, and various 
splitter plate configuration plugs. Figure 37 (a) shows the model arrangement. The cutaway schematic in 
Figure 37 (b) portrays how the afterbody and splitter plate configurations were assembled. 
a)  
b)   
Figure 37. a) External and b) internal schematics of the afterbody/base model and splitter plates. 
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Four configurations were examined, as shown in Figure 38: a no-flow-control (flat base) 
geometry used as a baseline for comparison (same as Chapter 3) and three splitter plate arrangements 
dividing the cylindrical base into 1/2, 1/3, and 1/4 cylindrical regions.  Each of the splitter plate 
configurations was constructed of 1.6 mm thick stainless steel, tapered, triangular splitter plate(s) that 
were welded to plugs, which were securely fastened to the cylindrical afterbody using a ¼”-20 retention 
rod. Splitter plate-to-splitter plate joints were sealed with epoxy, while splitter plate-to-brass cylindrical 
afterbody joints were sealed with RTV silicone. Dimensioned engineering drawings of the splitter plate 
configurations are included in Appendix E. 
a)  b)  c)  d)  
Figure 38. Splitter plate configurations: a) no-control, b) 1/2 cylinder, c) 1/3 cylinder, and d) 1/4 cylinder. 
These splitter plates were submerged only in the recirculating region behind the base model. The 
centerline length of the splitter plate, LSP, was set to match the rear stagnation point (or reattachment 
point) distance measured previously by Herrin and Dutton
3
 for the no-control case; this distance was 
x/R0=2.65, which corresponds to a length of 84.1 mm for the current afterbody model. The mean 
reattachment length has been noted as an important scaling parameter for separated flows.
130
 The design 
of these splitter plates was such to eliminate the low-order azimuthal instability modes exclusively within 
the recirculation region. In this way, the plates were not immersed in any portion of the high-speed shear 
layer or supersonic freestream, which could contribute to large viscous and/or shock wave effects.  
4.2 Diagnostics 
4.2.1 Flow Visualizations 
Schlieren imaging from the conventional z-type configuration, shown in Figure 39, was used to 
qualitatively investigate the near-wake flow field for the various splitter plate models. Schlieren 
photographs were also used in determining the proper operating condition that eliminated interference 
waves from the tunnel in the near-field region of interest. The optical set-up utilized a Thorlabs LED 
(model MWLED) as the light source, a pair of 20.3 cm diameter parabolic mirrors with a focal length of 
1.6 m, a small square flat mirror, and a horizontal knife edge. A high-resolution, unintensified Cooke 
PCO.1600 CCD camera with a C-mounted Nikon Nikkor lens was used to collect the schlieren images. 
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Figure 39. Schematic of schlieren imaging technique. 
Surface flow visualization was conducted on the rear-facing base and on the splitter plate surfaces 
to investigate the surface flow patterns and large-scale flow structure within the recirculation region. The 
medium used was a combination of titanium dioxide, silicone oil, and oleic acid. Flow visualization 
images during tunnel startup and steady-state flow conditions were captured with a Mightex buffered 
CCD camera (model CCE-C013-U). Steady-state images were analyzed with an image processing 
algorithm (based on image intensities) to detect the average location of a separation ring observed on the 
base surface for each configuration. For each case, over 100 images were analyzed to compute the 
separation ring radial locations which were found to be repeatable between trials.  
4.2.2 Mean Pressure Measurements 
The main focus of this investigation involved documenting pressure on the rear-facing base using 
mean static-pressure measurements via taps, pressure-sensitive paint measurements, and high-frequency 
pressure measurements. The purpose of these measurements was to examine whether subdivision of the 
wake, and the consequent elimination of the low-order azimuthal instability modes in the recirculation 
region, yield an altered base pressure distribution. Mean static-pressure measurements were obtained 
using radially distributed taps on the base and along the afterbody, as described in Chapter 3. For each 
case, the splitter plate configurations were arranged such that at least one radial array of taps was located 
down the middle of the divided region. Extensive care was taken to ensure that the axes of the sting and 
annular nozzle were coincident; however, this alignment accuracy was the largest contributor to pressure 
uncertainty. A complete error analysis was conducted to estimate the worst-case uncertainty of 2.9% in 
the base pressure ratio and 3.3% in drag coefficient. 
Employing pressure-sensitive paint (PSP) yielded spatially continuous surface pressure 
measurements on the model base and splitter plates. This allowed for a more complete documentation of 
the pressure distribution including radial and azimuthal gradients along the base and plates. Figure 40 
shows a schematic of the PSP setup. A single probe luminescent paint (ISSI UNIFIB-400) was excited 
using pulsed light from a blue LED array (model ISSI LM2-470). A band-pass filter was placed on the 
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lamp, so that the incident light in the range of the luminescent signal wavelength was mostly filtered. The 
luminescent signal from the painted surfaces was then filtered using a 610 nm high-pass filter to eliminate 
the excitation light. Averaged, intensity images of 80 ms exposure were captured using a Cooke 
PCO.1600 CCD camera and were digitally stored for later processing. In-situ calibrations were performed 
using the static pressure taps on the base. For the splitter plate calibrations, several trials were conducted 
at slightly different stagnation pressures (and base pressures) to account for the span of pressures 
experienced by the plates. Calibration curves used a linear fit and had coefficients of determination of 
R
2
=0.958 for the no-control case and at least R
2
=0.991 for the splitter plate configurations. Based on the 
uncertainty in the calibration curves and aforementioned static base pressure measurements, the 
maximum uncertainty in the PSP measurements normalized by the freestream pressure (P/P∞) was 
approximately ± 5% of the local value.  
4.2.3 Fluctuating Pressure Measurements 
High-frequency pressure measurements were made with a Kulite transducer. A single Kulite 
XCS-062 pressure transducer, with a sensor diameter of 0.71 mm and pressure range of 0-68.59 kPa, was 
rigidly mounted into a brass plug with RTV, seen in Figure 41. The axis of the transducer was aligned 
along the centerline of the plug with the transducer screen flush with the outer face of the plug. The 
transducer plug was fastened to the base with #8-32 threads and sealed with an o-ring and vacuum grease. 
High-frequency pressure measurements were obtained at radial locations of 17.8 and 26.7 mm 
(corresponding to r/R0=0.56 and 0.84) from the base center. Similar to the static taps, the high-frequency 
transducers were located down the middle of the divided region for the splitter plate configurations. The 
Kulite transducer used was quoted to have a combined non-linearity, hysteresis and repeatability, that is, a 
measurement uncertainty, of 0.1% of full-scale. The transducer was statically calibrated in-situ for each 
location and splitter plate combination using the Pressure Systems Inc. Model 9034 pressure calibrator. 
As demonstrated by previous authors, static calibration of these transducers is accurate to within a few 
percent of the dynamic value.
131
 The transducer was powered by a Vishay Model 2311 signal 
conditioning amplifier with a nominal excitation of 10 V DC. Time-series data output from the transducer 
was amplified before being filtered through a Krohn-Hite Model 3342 analog filter with a cutoff 
frequency of 50 kHz. The filtered signal was then passed through a National Instruments BNC-2110 
connector block and a 16-bit National Instruments PCI-6120 A/D data acquisition card. A LabVIEW 
program acquired time-history records of 83,334 samples at a sampling frequency of 166,668 Hz. Power-
spectral-density estimates were calculated using the built-in LabVIEW PSD analysis block. Sixty-four 
records of 0.5-s length were analyzed with linear weighting for each data set. A Hanning window was 
utilized to suppress side-lobe leakage. The PSD estimates had a frequency resolution of 2 Hz.  
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Figure 40. Schematic of PSP technique. 
 
Figure 41. Schematic of Kulite transducer plug. 
4.3 Results 
A comparison of the aforementioned experimental diagnostics for the four configurations will 
now be presented. In all images presented, the flow direction is left to right. Schlieren images were 
obtained perpendicular to the freestream flow, while the surface flow visualization and PSP images were 
obtained at an off-axis angle to the base. Unless otherwise noted, these images were not geometrically 
transformed. 
4.3.1 Flow Visualizations 
No-control experiments were conducted with the flat base configuration to validate the flowfield 
in the axisymmetric wind tunnel facility and to act as baseline data. Schlieren images of the flat-based 
model, shown in Figure 42 (a), confirmed the supersonic nature and lack of interference waves in the 
near-field region of interest. The shear layer from the test section sudden-expansion is clearly seen as the 
upper dark horizontal streak and the lower light streak in each image. The dominant flow structures 
expected in the near-wake are clearly present, including the axially converging shear layer separating the 
high-speed freestream fluid from the slower recirculation fluid, the expansion fans emanating from the 
base corners, the recompression waves as fluid navigates the adverse pressure gradient near the rear 
stagnation point, and finally the closed, developing wake. Schlieren images for the 1/2, 1/3, and 1/4 
cylinder splitter plate configuration experiments are shown in Figures 42 (b), (c), and (d), respectively, 
and reveal similar key flow structures. For each arrangement, the mean shear layer shape remains 
relatively unchanged and the separated near-wake merges downstream of the splitter plate tip.  
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a)            b)          
c)            d)          
Figure 42. Instantaneous schlieren images: a) no-control, b) 1/2 cylinder SP, c) 1/3 cylinder SP, and d) 1/4 cylinder SP. 
Surface flow visualization on the no-control base confirms the axially symmetric nature of the 
flow by producing radially outward streaklines during tunnel start up, as shown in the left image in Figure 
43 (a). At steady-state operating conditions, a separation ring, shown in the right image in Figure 43 (a) as 
a distinct ring of the accumulated flow visualization medium, was observed at approximately r/R0=0.85 ± 
0.04, where the radially outward recirculating flow along the base meets the shear layer influence. Shown 
in Figures 43 (b), (c), and (d), surface flow visualizations for the different splitter plate cases at steady-
state operation were all comparable in structure. Similar to the no-control case, streaklines on the base 
were generally radially outward. The average locations of the separation rings on the base surface were 
observed near r/R0=0.84 ± 0.03, 0.82 ± 0.03, and 0.83 ± 0.02 for the 1/2, 1/3, and 1/4 cylindrical cases, 
respectively, where flow separated from the base and turned downstream.   
In all cases, surface flow visualization medium at the downstream tip of the splitter plate(s) 
traversed upstream, indicating the existence of large-scale recirculation. No interaction of the shear layer 
on the diagonal edges of the splitter plates was observed. A separation line formed near x/LSP = 0.10 
where the reversed flow on all of the plates turned away from the axis of symmetry. Upstream of this 
separation line, flow moved downstream and outward.  In these small regions along the perpendicular 
joints where the splitter plates join with the base, streaklines suggested a helical vortex structure flowing 
radially outward, possibly associated with secondary recirculation regions. Secondary recirculation 
regions have been previously evidenced in corners,
132-134
 but have not been thoroughly investigated, 
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especially for axisymmetric geometries. Hall et al.
132
 used PIV to reveal a highly three-dimensional 
secondary corner vortex for a backward-facing step geometry. Additionally, they reported a secondary 
vortex separation point (i.e., the interface between the primary and secondary vortices) normalized by the 
shear layer separation length equal to 0.11, which compares well with the current experiment.  
a)              b)  
c)  d)  
Figure 43. Instantaneous surface flow visualizations: a) no-control during start up (left) and steady state (right), b) 1/2 
cylinder SP, c) 1/3 cylinder SP, and d) 1/4 cylinder SP. 
4.3.2 Mean Pressure Measurements 
Mean static pressures along the base for the no-control and various splitter plate arrangements 
were measured and are presented, normalized by the average freestream static pressure, in Figure 44. 
Time-averaged pressure measurements from the high-frequency transducers are also included. The bars 
(some of which are smaller than the data symbols) are representative of plus or minus one-standard 
deviation in the collected data. Similar to the results presented in Chapter 3, base pressure measurements 
for the no-control case matched previous results,
3
 indicating a nearly constant pressure across the base, 
with only a slight increase with increasing radius. Dividing the near-wake region with the splitter plates 
clearly altered the base pressure radial distribution. Unlike the baseline case, the highest pressures for the 
splitter plate cases were recorded near the center, in all cases higher than the no-control case. However, 
the outer taps measured lower pressures than for no-control. These trends are in line with the DNS 
simulations with reduced azimuthal domains sizes
50
 and are consistent with the elimination of low-order 
azimuthal modes (long wavelengths) that are responsible for a constant pressure distribution on the base. 
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Integrating the base pressure distribution for the no-control configuration yielded a net base drag 
coefficient of CDnet=0.1028 (again, in good agreement with the previously reported CDnet of 0.102
3
). For 
the 1/2, 1/3, and 1/4 cylinder splitter plate configurations, the resulting net base drag coefficients were 
CDnet=0.1033, 0.1071, and 0.1051, respectively. Comparing against the no-control geometry, the splitter 
plates produced changes in drag coefficient of +0.5%, +4.2%, and +2.2%, which are within or very close 
to the uncertainty of the measurements.  
 
Figure 44. Base pressure distribution for passive flow control. 
Despite altering the base pressure distribution to exhibit a more distinct radial variation, the 
insertion of the dividing splitter plates did not lead to a net base drag reduction, as suggested in certain 
cases examined in previous DNS simulations.
50
 Several differences between the experiments and 
simulations could contribute to the differences in these results. In the simulations, the flow was 
transitional, i.e, at significantly lower Reynolds number based on the cylinder diameter of ReD = 310
4
 – 
1  105 compared to that of the fully turbulent experimental Reynolds number of ReD = 2.5  10
6
. 
Additionally, the physical splitter plates are conjectured to only eliminate the azimuthal instability modes 
in the recirculation region, not the shear layer. This highlights the significance of instabilities and 
turbulent structures contained in the shear layer, and their influence on the base pressure. Furthermore, the 
splitter plates provide tangible, solid surfaces (with finite volume and viscous effects) for the downstream 
shear layer to reattach to, which is known to influence the reattachment process.
133,135
 
Pressure-sensitive paint measurements on the base and on the splitter plates were also acquired. 
Presented in Figure 45 (a), PSP measurements confirmed the nearly constant pressure distribution for the 
no-control case. For this case only, the PSP image was geometrically transformed to provide a true end-
view perspective. Spatial distributions of pressure from PSP measurements for the 1/2, 1/3, and 1/4 
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cylindrical splitter plate configurations are shown in Figures 45 (b), (c), and (d), respectively. 
Comparisons between the static tap pressure measurements and base PSP measurement profiles for each 
of the splitter plate configurations indicated consistent agreement, to within the estimated uncertainties of 
the two measurement techniques. On the base surfaces, an extremely small azimuthal dependence was 
observed for each of the configurations. On the splitter plate surfaces, the pressure distribution in the axial 
direction is qualitatively similar for all cases. Closest to the base, the splitter plates experience a 
comparable pressure to that acting on the base, corresponding to the low pressure following the expansion 
fan. Progressing downstream along the plate, the pressure decreases before recompressing. The pressure 
recovers nearly to the freestream pressure by the tip of the splitter plates. Slight discrepancies between 
pressure measurements on adjacent plates in the 1/3 and 1/4 cylinder arrangements can be attributed to the 
uncertainty in the axial alignment of the model and nozzle as well as the uncertainty of the measurement 
technique itself. Pressure anomalies at the splitter plate joints were not physical, as they were a result of 
an undesirable interaction between the luminescent paint and the epoxy used to seal the joints. 
a)  b)  
c)  d)  
Figure 45. PSP pressure distributions: a) no-control, b) 1/2 cylinder SP, c) 1/3 cylinder SP, and d) 1/4 cylinder SP. 
Figures 46 (a) and (b) shows pressure traces extracted from the PSP data along the centerlines of 
the splitter plates in the axial direction and along the bottom diagonal edges, respectively. In Figure 46 (a) 
the axial distance is normalized by the length of the splitter plate while in Figure 46 (b) the diagonal 
P/P∞
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distance along the splitter plate edge is normalized by the total diagonal length. Due to the epoxy along 
the splitter plate joints for the 1/3 and 1/4 cylinder cases, accurate centerline traces were not possible, so 
traces directly below the joint representative of the centerline are presented.  It is shown that the insertion 
of the splitter plates alters the pressure in the recirculating region which was previously suggested to be 
constant by Amatucci et al.
14 
All of the centerline traces are qualitatively similar in nature, but as the 
number of subdivisions is increased, a general increase in pressure was observed. For the 1/2 cylinder 
case, the pressure trace was well behaved with a small decrease in pressure away from the base, then a 
steady recompression through to the splitter plate tip. For the 1/3 and 1/4 cylinder cases, a noticeable 
interaction near the base was present. A local pressure peak is observed near the base and is shown to 
grow in magnitude and move downstream as the number of subdivisions increases. It is thought that these 
peaks are attributable to the interaction of the large-scale recirculation along the plate and the smaller 
helical bubble in the corner where the splitter plate meets the base. Further downstream along the plates, 
the beginning of the adverse pressure gradient associated with flow reattachment was approximated near 
x/LSP = 0.5. 
 
For the outer diagonal edge plot in Figure 46 (b), the pressure traces are more similar amongst the 
different cases than for the centerline plots. Near to the base where the plate edges are farthest apart, the 
traces collapse. There is a slight difference through the recompression region as the edges of the splitter 
plates converge toward the reattachment point. Though the curves are within or close to the uncertainty of 
the PSP measurements, the trends do show that with increasing number of subdivisions, the 
recompression is amplified. 
a)  b)  
Figure 46. PSP splitter plate pressure traces along a) the centerline and b) the bottom diagonal edge. 
4.3.3 Fluctuating Pressure Measurements 
High-frequency pressure measurements at two radial locations along the base for each of the four 
configurations were first time averaged and then compared to the current mean static-pressure tap 
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measurements (Figure 44) with good agreement. RMS pressure fluctuation levels normalized by the mean 
base pressure are shown in Figure 47. These results show that the RMS pressure fluctuations decreased 
with an increasing number of cylinder divisions, or by subdividing the recirculation region and 
eliminating the associated low-order azimuthal instability modes. Comparing to the no-control case, the 
RMS pressure fluctuations decreased approximately 21%, 27%, and 39% at the outer radial location 
(r/R0=0.84) for the 1/2, 1/3, and 1/4 cylinder splitter plate cases, respectively; and 8%, 26%, and 36% for 
the inner radial location (r/R0=0.56). A considerable decrease in the RMS level occurs between the outer 
location compared to that of the inner location (14% for the no-control case and 32%, 17%, and 20% for 
the splitter plate configurations). Again, the bars are representative of a plus or minus one-standard 
deviation in the collected data. The RMS pressure levels for the no-control case compare well with those 
reported by Janssen and Dutton
30
 for the same radial locations, having values on the order of 5% of the 
mean base pressure and a similar decrease in RMS fluctuations between locations. Janssen and Dutton 
used a similar 63.5 mm diameter blunt afterbody with a freestream Mach number of 2.46.  RMS 
measurements of base pressure for transonic separated flows have also shown a decrease in level with 
increasing radius.
135
 
 
Figure 47. Normalized RMS pressure fluctuations for the splitter plate configurations. 
A comparison of the PSD estimates of the base pressure fluctuations for the no-control and 
various control cases is presented in Figure 48. In this figure, Gpp(f), the one-sided PSD as a function of 
frequency is multiplied by the frequency and plotted on a semilog scale versus frequency. The PSD is 
plotted in this way so that the fluctuating energy content at the corresponding frequency is more clearly 
visible. 
The PSDs for the two radial locations for the no-control case in Figure 48 (a) display qualitatively 
similar behavior. Both reveal gradual increases in the PSD estimates for increasing frequencies up to 
approximately 700 Hz. Upon passing 700 Hz, the PSDs estimates experience a dramatic increase to 
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nearly identical sharp peaks near 850 Hz (Strouhal number based on freestream velocity and base 
diameter, StD = 0.094). After reaching the peak, the PSDs decline rapidly until about 1000 Hz. Past 1000 
Hz, the PSDs exhibit little change in magnitude through 2000 Hz, at which point there is a steady decline 
through the remainder of frequencies. Despite being similar in shape, the PSDs for the two radial 
locations display significant differences in magnitude. The PSD for the outer location is discernibly 
smaller at all frequencies, which is consistent with the smaller RMS values recorded at that location 
(Figure 47). These PSD profiles replicate the data presented in Reference 30 in general shape and the 
predominant peak locations for similar radial locations on the blunt afterbody.  
The PSD estimates for the 1/2 cylinder case, shown in Figure 48 (b), again are comparable in 
form for the different radial locations. Both reveal a steady increase in magnitude with increasing 
frequency up to about 700 Hz, at which point the PSDs increase more noticeably to a broader peak, 
centered near 1000 Hz (StD = 0.11). Beyond the maximum, the PSD at the outer location r/R0=0.84 
experiences a steady decrease through 3000 Hz, followed by a steeper trail off. For the inner location 
r/R0=0.56, the PSD declines abruptly after the peak until roughly 1200 Hz (StD = 0.13). Following 1200 
Hz, the PSD decreases slightly until 3000 Hz, after which it declines more rapidly through the remainder 
of the measured frequencies. There is a more substantial magnitude difference in the PSDs between the 
two locations than for the no-control case, which again is consistent with the larger deviation in RMS 
fluctuations seen in Figure 47.  
For the 1/3 cylinder splitter plate configuration, the PSDs (shown in Figure 48 (c)) for the two 
radial locations no longer display similar shapes; however, both exhibit a discernible bimodal distribution. 
The PSD at outer location r/R0=0.84 experiences two relatively broad peaks, centered at frequencies about 
600 Hz (StD = 0.067) and 1800 Hz (StD = 0.20). The PSD at inner location r/R0=0.56 reveals a gradual 
increase to a first, smaller peak near 800 Hz (StD = 0.089), a slight trough, then a substantial increase to 
the larger peak, centered at approximately 1400 Hz (StD = 0.16). Beyond the large peak, the PSD declines 
steadily through the higher frequencies.  
The PSDs for the 1/4 cylinder splitter plate configuration, shown in Figure 48 (d), at both 
locations, exhibit a dominant bimodal distribution. The outer location shows two broad peaks centered at 
frequencies of about 400 Hz (StD = 0.044) and 1800 Hz (StD = 0.20). The two sharper peaks experienced 
by the inner transducer location are centered about 850 Hz (StD = 0.094) and 1600 Hz (StD = 0.18). 
Additionally, the lower frequency peak at the inner location appears to be in antiphase with the PSD-
estimated peaks experienced at the outer transducer. 
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a)  b)  
c)  d)  
Figure 48. One-sided PSD multiplied by frequency for: a) no-control, b) 1/2 cylinder SP, c) 1/3 cylinder SP, and d) 1/4 
cylinder SP. 
A relatively broadband spectrum of energy (including the just described peaks) is present for the 
no-control, 1/2, 1/3, and 1/4 cylinder splitter plate configurations. Comparing the no-control case to the 
splitter plate control cases, it is apparent that there is a further broadening or spreading of fluctuating 
energy across the spectrum of frequencies with increasing number of wake subdivisions. The single, 
distinct peak near 850 Hz in the no-control case has shifted to a fuller, rounder peak at increased 
frequencies for the 1/2 cylinder case. Because the inner and outer radial locations experience similar 
fluctuating energy distributions, the dominant low-frequency pressure fluctuations are thought to be 
caused by a global pulsing phenomenon of the recirculation region. With the use of simultaneous 
transducer measurements (both radially and azimuthally separated transducers) and the finding of a zero 
time delay peak in the calculated cross-correlations, Janssen and Dutton
30
 hypothesized the same global 
mechanism affecting the base region for the flat base. The fluctuating energy decreases in magnitude and 
begins to disperse into two dominant modes for the 1/3 cylinder case, and finally into two comparable 
peaks for the 1/4 cylinder case. The dissimilarity in fluctuating pressure distributions between the two 
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radial locations observed for both the 1/3 and 1/4 cylinder cases could further suggest that the near–wake 
subdivisions altered the global instability mode within the recirculation region. Additionally, the 
prevailing bimodal distribution implies that multiple dominant mechanisms are present, contributing to 
the pressure fluctuations on the base.  
The higher frequency peaks are thought to be associated with the global pulsing of the 
recirculation region. These peaks tend to increase in frequency with increasing number of cylinder 
divisions, as the lower order azimuthal modes are eliminated. The shift in energy to the second mode, 
which was observed to be stronger at the inner radial location and more prevalent as the number of 
cylinder divisions increased, could be attributed to fluctuations from secondary recirculation regions that 
have formed, along the joints where the splitter plates meet the base, as mentioned previously.  Secondary 
recirculation regions have been shown to be highly unsteady
133
 and can be attributed to lower frequency 
oscillations near the corner.
134
  
Pressure fluctuations, in both the normalized RMS magnitudes in Figure 47 and the PSD 
estimates in Figure 48, are measured to be lower at the outer radial position compared to the inner 
position.  The outer high frequency transducer was located at a radial distance (r/R0 = 0.84), which 
coincidentally was near the observed location of the separation ring from the flow visualizations. This 
location could be less susceptible to oscillations due to the impingement of pressure waves from the 
reversed flow on the solid base surface.  
Additionally, with increasing number of splitter plate divisions, the pressure fluctuation levels at 
both radial locations have been shown to decrease. Similar reductions in pressure fluctuations were noted 
by Janssen and Dutton
59
 when sub-boundary-layer strip tabs were implemented on a cylindrical afterbody, 
upstream of separation. These strip tabs were shown to dampen turbulent structures, stabilize motions in 
the shear layer and recirculation region, decrease mass entrainment, and consequently increase base 
pressure. By eliminating these presumed azimuthal modes in the current work, the splitter plates tended to 
stabilize the motion of the recirculation region, but seem to have had little effect on shear layer growth (as 
seen in schlieren photos) and thus mass entrainment. So despite lower base pressure RMS values 
(compared to the no-control geometry), lower time-averaged base pressures were experienced with the 
splitter plates. From these observations, the shear layer turbulent structures and instability modes seem to 
be a better target for flow control influence as opposed to those in the recirculation region.  
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CHAPTER 5: PLASMA ACTUATOR CHARACTERIZATION 
Chapter 5 describes the characterization of the two plasma actuators that were developed for their 
potential use for active flow control. The operation of these actuators is specifically aimed toward 
controlling supersonic axisymmetric base flows within the context of this research and dissertation. 
However, the plasma actuators described herein are not limited to this flow geometry and, in general, may 
be applied for flow control of other flow regimes including (but not limited to) shock wave/ boundary 
layer interactions, jets, or shear layers. First, the pulsed plasma jet is discussed, providing an explanation 
of the device and displaying the results of the actuator’s potential for flow control authority. Second, the 
localized-arc filament plasma actuator is presented including a description of the actuator and results from 
electrical (voltage and current) and spectroscopic measurements.  
5.1 Pulsed Plasma Jet in Quiescent Environment 
An experimental characterization of a pulsed plasma jet was performed to determine its potential 
authority as a supersonic flow control actuator. To that end, the flow and discharge properties of the 
pulsed plasma jet issuing into a quiescent environment at atmospheric pressure were documented with 
emission photographs, voltage measurements, schlieren images, and particle image velocimetry 
measurements. The results presented herein are useful in providing an understanding of the plasma jet’s 
electrical requirements and resulting flow structure. Furthermore, the successful implementation of the 
micro-PIV setup provided the detailed velocity field produced by this actuator.  
5.1.1 Actuator Description 
The pulsed plasma jet operates by forming an electrical arc discharge within a small cavity with 
an exhaust orifice. Electro-thermal heating from the electrical energy deposition quickly heats and 
pressurizes the gas within the cavity. The pressurized gas exhausts from the cavity through the small 
orifice, generating the plasma-driven synthetic jet. Following the gas discharge, ambient air replenishes 
the now cooled cavity, charging the device for the next pulse. The electric arc discharge was generated 
using three electrodes and two circuits – a high voltage/ low current trigger circuit and a low voltage/ high 
current arc-sustainer circuit.  
Schematics of the model and geometry of the pulsed plasma jet are included in Figures 49 (a) and 
(b). The cylindrical cavity of 4.8 mm diameter and 10.2 mm height with a converging top wall was made 
from a Teflon block. The total cavity volume was approximately 183 mm
3
. Inserted into the cavity are 
three electrodes: a high-voltage trigger electrode, a grounded cathode, and the arc-sustaining anode. The 
high-voltage trigger and grounded cathode were 1 mm diameter ceriated tungsten electrodes that were 
sharpened to a truncated cone shape. For the arc-sustaining anode, a corrosion-resistant iridium-plated 
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automotive sparkplug tip (DENSO SKJ20DR-M11) was used to increase the lifecycle of the actuator. 
Trigger-to-cathode electrode spacing was set to approximately 0.2 mm while anode-to-cathode spacing 
was set to approximately 0.72 mm. Electrode spacings were experimentally determined to maximize 
breakdown consistency and reduce electrode corrosion. A flat quartz window on the bottom completes the 
cavity geometry, providing optical access for adjustment of electrode spacing. The plasma jet was formed 
by exhausting through a 0.83 mm diameter orifice. The design of the cavity geometry was guided by an 
analytical code developed by collaborators at Rutgers University.
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The circuitry used for the pulsed plasma jet actuator is shown in Figure 49 (c). The trigger 
electrode was connected to a pulse transformer powered by the high voltage generator device, Ignitor10 
from Information Unlimited. The pulse transformer outputs up to 22 kV at low amperage to create a spark 
across the trigger electrode-cathode gap. The anode is connected to a capacitor that is continuously 
charged by an Acopian DC power supply, U500Y20 with an unregulated nominal output of 500 V and 0.2 
A. A resistor was placed in series with the power supply and the capacitor to limit the charging current. 
Since the three electrodes are in close proximity to each other, formation of the HV trigger arc creates an 
envelope of ionized gas between the electrodes leading to an electrical breakdown between the anode and 
the cathode. The capacitor dumps its charge through the anode-cathode pair, thereby creating a high 
amperage arc for a brief period. The frequency of this arc and the actuator is thus governed by the 
frequency at which the trigger electrode is pulsed. The benefit of this electrical setup is that it allows the 
voltage, capacitance, and thus the energy of the discharge to be varied. Four capacitor sizes (0.25 μF, 2 
μF, 25 μF, and 68 μF) have been investigated at a voltage of approximately 570 V, yielding nominal 
capacitive energy depositions (E=1/2 C V
2
) of approximately 41 mJ, 330 mJ, 4.0 J, and 11 J, respectively, 
per pulse. This calculated maximum energy is not necessarily the energy dissipated across the spark gap, 
nor the total energy transferred to heating the gas within the cavity as a result of significant losses due to 
wiring and electrode resistance.
94
 
Only limited results for the 68 μF capacitance were acquired due to a large variability in capacitor 
breakdown time, severe electrode corrosion, and significant amounts of electromagnetic interference 
(EMI) produced by the plasma. 
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a)          b)  
 
 
 
 
 
c) 
Figure 49.  Pulsed plasma jet actuator: a) model schematic, b) geometry, and c) circuitry. 
Inherent to working with high-voltage electronics, an elevated level of hazardous (potentially life 
threatening) conditions were present. Accordingly, safety protocols and procedures were set in place and 
rigorously followed. Refer to Appendix F for documented general HV safety considerations, emergency 
procedures, and operational protocols for the pulsed plasma jet.  
5.1.2 Diagnostics 
The primary diagnostic techniques used to characterize this actuator were emission photography, 
voltage measurements, schlieren imaging (both phase-locked and high-speed), and particle image 
velocimetry. All imaging, was performed using a high-resolution Cooke Corporation PCO.2000 CCD 
camera with a 2048   2048 pixel image size. Time synchronization between the actuator and various 
elements of the imaging and measurement equipment was done using Quantum Composers 9514 and 
9518 pulse generators.   
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Emission Photography 
Emission images were obtained with a camera shutter exposure of 5 microseconds. Owing to the 
intense radiation in the visible spectrum, neutral density filters were used to reduce the intensity imaged 
by the CCD. It should be noted that no quantitative conclusions were made from these images. 
Voltage Measurements 
Voltage measurements were acquired for each pulse to determine the electrical requirements for 
the pulsed plasma jet as well as to provide time synchronization with the schlieren and PIV diagnostics. 
An Agilent Technologies N2771A 30 kVpeak high-voltage probe was used to measure the anode and HV 
trigger signals. This 1000:1 probe has a bandwidth of 50 MHz and ±2% DC voltage accuracy. A 
PicoScope 2203 PC oscilloscope acquired all voltage signals. The PicoScope has 12-bit resolution, ±3% 
DC voltage accuracy, 5 MHz bandwidth, and 100 ppm (0.01%) time-base accuracy.  
Schlieren Imaging 
Phase-locked schlieren photography was conducted in a typical ‘Z’-type configuration. The 
schlieren system comprised a Xenon Corp. M-437B Nanopulser as the light source, a pair of 10.7 cm 
diameter parabolic mirrors with a focal length of 107 cm, a horizontal knife edge (perpendicular to the jet 
centerline), and a C-mounted Nikon Nikkor zoom camera lens. The light source pulse duration was 
approximately 20 ns. Phase-locking was accomplished by pulsing the light source at set time delays from 
the electric arc discharge.  
Precursor blast wave and jet front locations and velocities were determined from the phase-locked 
schlieren images. Estimates of the uncertainty of these results were made considering equipment, 
sampling, and processing uncertainties. Due to the temporal variation in electric arc breakdown and 
spatial variations of each jet pulse, sampling uncertainty was the largest contributor to the overall 
uncertainty and is reported in later figures. 
Particle Image Velocimetry Measurements 
Two-component PIV measurements were performed to quantify the velocity field produced by 
the actuator. A schematic of the experimental setup used to acquire the PIV images in this study is shown 
in Figure 50. To facilitate the PIV measurements, the pulsed plasma jet actuator was placed in a large test 
chamber (20   20   43 cm) with optical access for imaging and a narrow slit to allow the laser sheet to 
pass. A dual-head New Wave Nd:YAG laser with 532 nm output was used to deliver dual pulses spaced 
400 nanoseconds apart, with each pulse delivering approximately 96 mJ of energy. Spherical and 
cylindrical lenses were employed to shape the laser beam into a thin sheet (on the order of 0.1 mm) to 
illuminate the particles in the imaging plane. Along the centerline of the jet orifice, the imaging plane was 
set perpendicular to the exit surface of the actuator housing. A Concept Smoke Systems ViCount 1300 
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aerosol generator created the mineral oil-based PIV particles with mean diameters in the range of 0.2 to 
0.3 microns. Using the mean jet shear layer thickness as the characteristic length scale, the Stokes number 
is estimated to be between 0.06 and 0.14. PIV seed particles were dispersed into the test chamber through 
a multi-port manifold. In this way, the quiescent, ambient environment into which the pulsed plasma jet 
was exhausted was evenly seeded with particles. The jet cavity was not separately seeded. An 85 mm 
Nikon camera lens, mounted backwards with a focal length set to infinity, was used to project the 
scattered laser light onto the CCD array of the camera to give a highly zoomed-in view of the velocity 
field with a resolution of 398 pixels / mm over the total image size of approximately 5.1 mm x 5.1 mm. 
The implementation of the inverted lens for PIV measurements allows for a more zoomed-in field of view 
while increasing the camera-to-plasma distance to mitigate the effects of electromagnetic noise caused by 
the arc discharge.  
 
Figure 50. Schematic of PIV setup. A portion of the test chamber is cut away to show the pulsed plasma jet and laser sheet 
inside. 
The double-pulsed particle images were processed with LaVision DaVis 8.0 software. Particle 
displacements were determined from multi-pass, cross-correlation calculations using 50% interrogation 
window overlap. The starting interrogation window size varied with jet strength, while the final-pass (two 
iterations) window size was 32   32 pixels. Post-process filtering, including a minimum peak ratio Q 
equal to 1.5, was utilized to eliminate erroneous vectors in the instantaneous velocity fields. No 
interpolation was used.  
Estimates of the uncertainty in the PIV measurements for the 25 μF capacitor case were made 
following the procedure outlined in Reference 125 (similar to that performed in Chapter 3), considering 
the equipment, particle lag, sampling size, and processing algorithm as sources of uncertainty. For each 
source, the estimated uncertainty value is presented as a percentage of the maximum velocity recorded of 
496 m/s. The equipment uncertainty, including scaling magnification (i.e., pixel to physical length) and 
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timing accuracy, was estimated at 0.7%. To analyze the inaccuracies due to particle lag, slip velocities 
were calculated. Mean slip velocity uncertainties in the jet were less than 0.9%. In locations with extreme 
velocity gradients (i.e., near the orifice exit and the edges of coherent structures), slip velocity 
uncertainties were found to be approximately 5 - 11%. These ‘high-slip’ regions were representative of 
less than 2% of the measured velocity fields. Variability in the capacitor discharge timing contributed to 
moderate amounts of sampling uncertainty in the resulting jet velocity field. The maximum uncertainty 
due to sampling was estimated at 1.8% for a nominal sample size of 100 realizations. Finally, the 
processing algorithm uncertainty of the particle displacements was estimated. Synthetic PIV images were 
generated from the averaged PIV velocity fields and then processed using the same DaVis parameters as 
stated above. Comparisons between mean experimental PIV data and the reconstructed flow fields 
indicate that the largest differences were in regions having high velocity gradients, yielding a 
conservative estimate of the algorithm uncertainty of 1.7%. The root-sum-square combination of the four 
discussed sources of uncertainty produced a typical net uncertainty of 2.7% for the PIV measurements. In 
the small regions of ‘high-slip,’ maximum net uncertainty is estimated near 11.4%. 
5.1.3 Results 
Experiments were conducted to characterize the strength and flow structure of the pulsed plasma 
jet using the diagnostics described above. For all results presented herein, the pulsed plasma jet was 
issued into quiescent air at atmospheric conditions. The operation was considered to be in single-pulse 
mode, with the pulsing frequency of the discharge set to 1 Hz. 
Emission Photography 
Emission photographs were obtained to visibly evaluate the strength of the electric discharge. 
First, images of only the initial HV trigger arc were recorded. Shown in Figure 51 (a), the high-voltage 
trigger discharge is a highly localized streamer, connecting the HV trigger electrode to the cathode. 
Figure 51 (b) shows the emission for the anode-to-cathode arc discharge from the capacitor. It was 
apparent that as the capacitance was increased, the plasma arc emission increased in visible intensity and 
size.  
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a)   b)   
Figure 51. Emission photograph of: a) HV trigger arc only, and b) anode-cathode arc discharge with 25 μF capacitor. In 
these images only, all three electrodes were made of ceriated tungsten. The remainder of the experiments utilized the 
iridium-plated anode. 
Voltage Measurements 
Voltage traces of the HV trigger electrode and the anode were measured. A typical time history of 
the HV trigger electrode voltage and corresponding activation signal are shown in Figure 52. Traces from 
200 pulses were recorded and analyzed. Upon receiving a nominal 5 volt TTL (transistor-transistor-logic) 
signal from the pulse generator, the HV electrode voltage was increased until breakdown to the cathode 
would occur. With a trigger-to-cathode electrode spacing of approximately 0.2 mm, the average 
breakdown voltage was measured to be 3.6 ± 0.5 kV, occurring at a consistent delay time of 1.35 ± 0.05 
μs from the trigger signal. The voltage spike and the fluctuations in the trigger signal are a direct result of 
the EMI caused by the plasma breakdown. 
Typical time histories of anode voltage for three different capacitances (0.25 μF, 2 μF, and 25 μF) 
are shown in Figure 53. Prior to the activation TTL signal (time equals 0 μs) and the HV breakdown, the 
capacitor and hence the anode voltages were extremely constant. Average, fully charged capacitor 
voltages were 573 V, 576 V, and 567 V for the respective capacitances. After the HV trigger breakdown, 
there was a time delay before the anode-to-cathode arc formed and the capacitive energy drained. At least 
3000 anode voltage traces for each capacitance were recorded. For capacitances of 0.25 μF, 2 μF, and 25 
μF, average delay times from the start of the discharge trigger to the anode-to-cathode breakdown were 
6.55±1.49 μs, 1.88±0.99 μs, and 1.73±0.63 μs, respectively. Variations in the breakdown delay times 
were observed for slight discrepancies in electrode spacing. This variability poses a significant challenge 
for future work when precise timing is needed for high frequency / phasing applications. Once the anode-
to-cathode arc is formed, the capacitor drains from fully charged to about 0 V. There is a unique transient 
response for the different capacitor sizes after the electrical discharge; however, the voltage drop traces 
are exceptionally repeatable. The jitter in the voltage traces is a result of the EMI from the plasma while 
the negative voltage response is thought to be attributed to capacitance of the probe, leads, and ground 
circuit.  
Cathode 
HV Electrode 
Anode 
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Figure 52. Typical voltage traces of the high-voltage electrode and TTL signal for a single pulse plasma discharge. 
 
Figure 53. Typical voltage traces of the anode electrode for a single-pulse plasma discharge. 
Schlieren Imaging 
The flow structure of the pulsed plasma jet was observed using phase-locked schlieren images at 
different delay times from 30 μs to 100 μs in 10 μs intervals after the capacitive energy deposition. 
Instantaneous schlieren images at different delay times for the four capacitors are shown in Figure 54. For 
each capacitor size, a spherical precursor blast wave, produced by the sudden energy deposition within 
the cavity, was observed and is shown in Figures 54 (a), (e), (i), and (m). At this early delay time of 30 μs, 
the jet is observed to just barely be emerging from the orifice. Progressing in time for the 0.25 μF 
capacitor, a leading ring vortex structure forms as the jet discharges the hot, pressurized gas from the 
orifice exit in Figure 54 (b). A second, less well defined wave is observed and is reasoned to be the image 
of the original precursor wave that has reflected off the bottom cavity wall, travelled through the cavity, 
and been expelled from the orifice. By 70 μs, the first precursor wave has travelled out of image (c), the 
reflected wave has continued to move upward, and a second ring vortex has formed just above the orifice. 
Finally, in image (d), the influence from the jet has continued to grow, but the schlieren image is barely 
able to clearly discern the vortex rings.  
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 For the 2 μF capacitor case, the beginning of the first vortex rollup is apparent at the earliest 
delay time in image (e). The strong leading vortex ring is present, followed by a second just emerging 
from the orifice in image (f) and a third in image (g). By 90 μs, the second vortex ring has merged with 
the first to form an even stronger leading structure. The train of coherent vortex rings is shown to 
propagate far away from the orifice exit. 
Images (i) through (l) correspond to the pulsed plasma jet for the 25 μF capacitor. At 30 μs, the 
jet already appears to be stronger than for the smaller capacitances. A pronounced vortex rollup occurs 
and the vortex ring persists followed by a smaller ring at 50 μs, in image (j). By 60 μs (not shown), the 
vortex has burst and the jet has become turbulent. At the later delay times of 80 μs, 90 μs (shown in image 
(l)), and 100 μs, a shock / expansion cell structure is present close to the jet exit, indicating a supersonic 
jet exit velocity, which sustains two to three orifice diameters away from the exit plane. In the 25 μF 
capacitor images, the jet is obviously stronger and penetrates further from the jet exit than for the two 
smaller capacitances.  
For the 68 μF capacitor, the jet strength is even further increased, as shown in Figures 54 (m), (n), 
and (o). Shock / expansion cell structures become apparent at delay times as early as 50 μs (shown in 
image (n)) and persist even farther from the orifice exit. Clearly, the amount of capacitive energy 
significantly affects the jet structure, response time, and propagation speed. 
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Figure 54. Instantaneous schlieren images of the pulsed plasma jet at different delay times after the anode-to-cathode 
breakdown. Rows correspond to capacitor size and columns correspond to delay time. 
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The phase-locked schlieren images were analyzed with an image-processing algorithm (based on 
image intensities) to detect the leading precursor blast wave and jet front locations (measured with respect 
to the orifice exit) and determine the corresponding convective velocities. For each time delay for the 0.25 
μF, 2 μF, and 25 μF capacitor jets, at least 100 schlieren images were analyzed to examine the 
repeatability of the pulse. Fewer images were acquired and analyzed for the 68 μF capacitor, but the 
results were repeatable. The resulting trajectories, normalized by the orifice diameter, for these flow 
features are shown in Figure 55 and Figure 56. The bars (most of which are smaller than the data 
symbols) are representative of the total uncertainty in the determined location within a confidence interval 
of one standard deviation. The trajectories of the precursor shocks are linear over time demonstrating a 
constant velocity, similar to the findings of Narayanaswamy et al.
87
 Over the first 100 μs, the trajectories 
of the jet front are also particularly linear. Blast wave and jet front velocities measured from the slopes of 
the respective trajectories are presented versus capacitance in Figure 57. Again, the bars demonstrate the 
total uncertainty in the calculated velocities within a confidence interval of one standard deviation. The 
blast wave velocity is relatively constant (at about 343 m/s) independent of capacitance, and is 
approximately equal to the sonic velocity of the ambient air, truly defining this “wave” as a Mach wave. 
The jet front velocity increases substantially over this capacitance range (from about 40 m/s to 190 m/s). 
It is apparent that with increased capacitance, and therefore with increased energy deposition, greater 
heating and pressurization occur within the cavity, resulting in an increase in jet exit velocity and 
strength. However, there appears to be is a diminishing return as the capacitor size increases. This result 
supports the claim by Golbabaei-Asl et al.
94
 that the efficiency of transferring stored electrical energy to 
the cavity fluid decreases with increasing capacitance. Also, it should be noted that the contact surface 
velocity discussed here is a convective velocity of the leading edge of the jet, and not necessarily the local 
fluid velocity. 
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Figure 55. Precursor blast wave trajectory of the pulsed 
plasma jet. 
 
Figure 56. Jet front trajectory of the pulsed plasma jet. 
 
Figure 57. Variation in velocities determined from schlieren images for the pulsed plasma jet for various capacitive 
energy depositions. 
PIV Measurements 
PIV measurements were obtained, capturing the two-component velocity field generated by the 
pulsed plasma jet at various time delays after the anode-to-cathode breakdown. Figure 58 presents typical 
particle images for the different strength jets at an example delay time of 70 μs. The flow structure is 
visualized with a well-seeded ambient field and a more sparsely seeded jet. 
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a)      b)      c)  
Figure 58. Sample particle images obtained at a delay time of 70 μs for: a) 0.25 μF capacitor, b) 2 μF capacitor, and c) 25 
μF capacitor. 
Mean velocity fields were computed for capacitances of 0.25 μF, 2 μF, and 25 μF at various delay 
times.  PIV measurements were not performed for the 68 μF jet due to laser mistiming, resulting from the 
strong EMI for these cases. To document the entirety of the jet expulsion, PIV measurements were 
recorded for nominal jet delay times, i.e., the delay time from the electrical breakdown plus one-half of 
the PIV laser pulse separation time, of 30, 40, 50, 60, 70, 80, 90, 100, 150, 250, 350, 450, 550, 650, and 
750 μs. Due to the variability in breakdown time, instantaneous PIV measurements were conditionally 
averaged at the nominal delay time +/- 1 μs. Maximum standard deviations from nominal delay times 
were 0.57 μs, 0.09 μs, and 0.07 μs for capacitances of 0.25 μF, 2 μF, and 25 μF, respectively. Due to the 
regions with scarce seeding (particularly in the vortex cores), some erroneous vectors were discarded by 
the filtering algorithm. However, a minimum of 100 instantaneous vectors at each interrogation location 
were required and averaged to comprise the mean velocity fields. Ensemble sizes of 150 to 200 image 
pairs were typically necessary to obtain the minimum vector quota. Selected results are shown in Figure 
59 as color contours of mean speed with mean velocity vectors overlaid. The displayed vectors are a 
subset of the total number of vectors by a factor of three in both the radial and axial directions. The 
velocity scale is set equal for all vector fields, ranging from 0 to 500 m/s. The jet issues vertically upward 
with the center of the jet exit located at the axis origin. For all capacitor sizes, the delay between the 
anode-cathode breakdown to the beginning of the jet exhaust was determined to be approximately 20 μs. 
The PIV velocity fields for the 0.25 μF capacitor in Figures 59 (a) through (d) indicate that the jet 
ejects from the orifice and forms a train of discrete, coherent ring vortices, consistent with the 
observations from the schlieren images. The reflected Mach wave is observed at 60 μs (not shown). Three 
strong ring vortices are present in the first 100 μs of the jet exhaust, followed by several additional 
weaker structures as the jet velocity reduces to zero at long delay times. The peak measured velocity was 
approximately 130 m/s. The jet duration, i.e., the time until the exit velocity decreased to zero and before 
the cavity begins to refill, for this capacitor was 420 μs. The pulsing ejection nature of the jet for a single 
electric discharge is believed to be linked to pressure wave dynamics inside the cavity, including 
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reflections of the initial blast wave and the pressure fluctuations. Similar behavior has been observed in 
other experimental studies
82,137
 and in computational fluid dynamic simulations.
136 
An estimate of the 
pulsing frequency from the cavity was calculated using the temporal and vertical spacing between the 
subsequent vortices (also see Figure 60). Between the first two vortices, an average delay time was found 
to be approximately 27.7 μs, corresponding to a frequency near 36 kHz.  
A similar flow structure is observed for the 2 μF capacitor jet with increased vortex core 
velocities and convection speed.  Progressing from Figures 59 (e) through (h), the first structure 
propagates out of view, followed by the second, and third. The vertical spacing between the structures has 
increased, in addition to their convective velocities, compared to that for the 0.25 μF jet. The initial time 
delay between the first two vortices is approximately 19.6 μs, indicating a pulsing frequency of 51 kHz. 
This pulsing behavior continues but core velocities diminish with subsequent ejections past 100 μs. The 
maximum jet velocity was observed to be 320 m/s, while the jet duration was approximately 500 μs.  
Figures 59 (i) through (l) present the averaged velocity fields for the 25 μF capacitor. Again, 
similar to the schlieren images, a strong ring vortex with high core velocity is generated as the jet emerges 
from the orifice at 30 μs. The jet created by this capacitor reflects the behavior of a conventional jet, with 
a more sustained velocity output. Despite being ensemble averaged, there is a noticeable curvature to the 
jet plume. The curved shape of the velocity contours is attributed to the electrode tips influencing the jet 
as the cavity mass is ejected. For the 25 μF capacitor jet, a peak velocity is observed at 496 m/s, and the 
jet duration is approximately 700 μs. 
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Figure 59. Mean velocity field contours and vectors for various capacitor sizes and at select delay times. Rows correspond 
to capacitor size and columns correspond to delay times. Dimensions are normalized by the orifice diameter. 
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Centerline velocities for the pulsed plasma jet in Figure 60 show the jet progression with time 
during the first 100 μs. The peaks corresponding to the ring vortex cores and troughs in between are 
clearly seen for the 0.25 μF and 2 μF cases. After the initial velocity peak corresponding to the initial 
vortex structure, the jet velocity for the 25 μF capacitor increases and remains supersonic beyond 100 μs 
after the arc breakdown. The trajectory of the leading velocity peak is similar to that of the trajectory of 
the jet front tracked in the schlieren images. The leading velocity peak for the 0.25 μF capacitor in Figure 
60 (a) travels away from the orifice exit, but remains in the measurement domain through 100 μs. 
Comparatively, the velocity peak moves out of the domain after 70 μs and 50 μs for the 2 μF and 25 μF 
capacitor cases, respectively. 
 30 μs 40 μs  50 μs  60 μs 70 μs 80 μs  90 μs 100 μs 
a)  
b)  
c)  
Figure 60. Mean centerline velocities over the first 100 μs for: a) the 0.25 μF capacitor, b) the 2 μF capacitor, and c) the 25 
μF capacitor. 
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A plot of maximum speed as a function of delay time for all three capacitances is shown in Figure 
61. Here the maximum velocity is defined as the maximum velocity averaged over 3 3 pixel sub-
regions. Maximum speeds remain relatively high between 30 and 100 μs after the anode-to-cathode 
breakdown. Fluctuations over this time period are attributed to the surging exhaust behavior linked to the 
internal cavity wave dynamics and the discrete nature of the sampling times (i.e., every 10 μs). A gradual 
decay toward zero velocity after 100 μs is observed as the remaining mass from the cavity is exhausted. 
Radial profiles of the axial velocity component are shown in Figure 62. These profiles, extracted 
from z/D = 0.19 just above the orifice exit at a delay time of 30 μs, are characteristic of the initial jet 
behavior near the exit. These velocity profiles are relatively ‘top-hat’-shaped and symmetric about the jet 
centerline, as expected. Radial profiles of the transverse velocity component taken from z/D = 1.0 above 
the orifice exit at a delay time of 30 μs are shown in Figure 63. The transverse velocity profiles illustrate 
the initial symmetry of the jet exhaust for all three capacitances examined with PIV. The differences in 
velocity magnitude are attributed to the different jet strengths, response times, and stages of vortex 
formation at this time delay. For the 0.25 μF jet, the transverse velocity indicates that fluid at this axial 
coordinate has only begun to be affected by the pulsed plasma jet. With increased capacitance, the 
transverse velocity is shown to increase, owing to the augmented strength of the leading vortex ring. 
 
Figure 61. Maximum velocity observed as a function of delay time. 
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Figure 62. Axial velocity profiles extracted from z/D = 0.19 
at a delay time of 30 μs. 
  
Figure 63. Transverse velocity profiles extracted from 
 z/D = 1.0 at a delay time of 30 μs. 
 
In summary, the pulsed plasma jet structure, velocity, and duration were found to be greatly 
dependent on capacitor size. Increased capacitor size, and hence increased energy addition, produce 
significantly increased jet velocities and jet durations. Despite the extremely large exit velocities 
observed, several shortcomings of the pulsed plasma jet utilizing the three-electrode setup were observed 
during the actuator’s characterization in the quiescent environment. First, the long jet duration and 
following cavity refill time place severe limitations when considering high-frequency actuation, 
especially for high-speed flow control applications. High-frequency actuation also proved challenging 
from an electronics standpoint. Significant variations in breakdown timing, intermittent mis-firings 
(missed pulses) of both the high-voltage trigger and the capacitive discharge, and catastrophic electrode 
corrosion all plagued preliminary experiments even at low frequencies, O(10 Hz). In addition, providing 
sufficient electrical energy to charge capacitors of this size to a significantly high voltage at flow control-
responsive frequencies proved to be an unrealistic task for commercially available power supplies. As 
such, the pulsed plasma jet was not pursued further for implementation into the wind tunnel for flow 
control of supersonic axisymmetric base flow. In its place, the localized arc filament plasma actuator was 
investigated. 
5.2 LAFPA in Quiescent Environment with Varying Pressure 
For the LAFPA actuator, a proven, two-electrode electrical circuit utilizing a single, high-voltage 
breakdown was implemented to alleviate concerns of the electronic activation associated with the three-
electrode, two-circuit configuration discussed above for the pulsed plasma jet. Using a more robust 
electrical circuit allowed the focus of the research to remain on characterizing the actuator’s electrical, 
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flow, and thermal properties, rather than on plasma initiation. Conclusive research has been previously 
conducted to document these performance characteristics of the LAFPA in a quiescent environment at 
atmospheric pressure, including detailed velocity
99
 and spectroscopic temperature measurements.
107
 
However, in typical high-speed flow applications, the static pressure is considerably reduced. This 
reduction in pressure therefore alters the plasma breakdown voltage (recall Paschen’s law, Equation 1.1), 
energy transfer, and potentially the subsequent plasma/fluid coupling, including temperature, dilatation, 
and jetting effects. In an effort to document the properties of the LAFPA as a function of pressure (but in 
a quiescent, no-flow environment), an investigation was undertaken employing time- and spatially-
resolved emission spectroscopy, as well as voltage and current measurements for ambient pressures 
ranging between 3.4 kPa (0.5 psia) and 99 kPa (14.3 psia). These experiments were intended to 
qualitatively examine the pressure dependence of self-absorption (or radiative trapping) that has limited 
previous spectroscopic measurements at atmospheric conditions. Additional experiments examined the 
actuator emission at a static pressure similar to that experienced by the base region of the separated 
axisymmetric flow for a range of plasma conditions. For these experiments, the chamber pressure was set 
to 13.8 kPa (2 psia) and will be referred to throughout this section as the base pressure condition.  
5.2.1 Actuator Description 
For this study, the plasma was initiated by creating a voltage potential, sufficiently high enough 
to ionize the air gap between two electrodes (anode and grounded cathode). The pulsed plasma arc is 
capable of being repeatedly actuated at high frequencies with a set duration for consistent flow control. 
The electric-arc generator system is based on the design developed by Samimy et al.
101
 and fully 
described by Utkin et al.
100
 for high-speed jet control. The current system has been previously utilized at 
the University of Illinois for flow control of boundary layer separation
111
 and separated base flows.
22,23
 A 
schematic of the plasma actuator electronics is shown in Figure 64 for four actuators. For the 
investigation presented in this section, only a single actuator was utilized. Photographs of the electric-arc 
generator system and its components are shown in Figure 65. A Glassman High Voltage, Inc. DC power 
supply (model PS/LQ10P1.00GF9), capable of supplying 10 kV at 1 A, provides power to the system. 
Each arc (also referred to as a channel) is independently controlled by a liquid-cooled, Behlke Power 
Electronics high-voltage MOSFET switch (model HTS 101-03 HFS DLC). Direct liquid-cooling to the 
switches is provided by a Lytron MCS50 cooling tower at a flow rate of 3.8 liters per minute (1 GPM), at 
a pressure not to exceed 70 kPa (10 psig). Galdin HT-135, a non-conducting liquid, was used as the 
coolant. Rated at 10 kV and a peak current of 30 amps, the switches are capable of operating continuously 
at a frequency up to 40 kHz with a pulse duration as short as 100 ns. For pulsing at greater frequencies, 
the switches may be operated in a burst mode up to 3 MHz. A pulse generator with controllable TTL 
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outputs controls the switches, specifying the plasma frequency and duration (often referred to as the 
plasma on-time). The low-voltage TTL signal is optically isolated from the high-voltage switches via a 
printed circuit board (PCB) designed by Nachiket Kale.
111
 Forced-air-cooled, high-power, solid-body 
ballast resistors (Power Film Systems, Inc. model PFS18-CPK) are positioned in series with one resistor 
on either side of each switch, and serve to regulate the current being conducted across each plasma 
actuator. The nominal plasma current, therefore, may be modified by replacing the resistors and setting 
the power supply voltage, accordingly. A 1 nF ceramic TDK Electronics capacitor (model FD-12AU) 
buffers the output of the power supply to suppress potential flyback voltages and assists in providing 
excess current for short durations. When the power supply is activated, the first ballast resistor inline 
floats at the supply voltage. Upon activation of the switch, a connection is established between the power 
supply and the anode, where the voltage rises quickly, O(1 μs), up to the breakdown voltage. A 
conducting electric arc is formed between the anode and grounded cathode, allowing current to flow 
through the system for the set plasma duration. Although the time-averaged current drawn from the power 
supply is limited to 1 amp, the total current provided may considerably exceed this value for pulses at 
sufficiently low duty cycles. 
As with the pulsed plasma jet electrical configuration, the high-voltage associated with the 
electric-arc system presents serious safety concerns. Safety protocols, including a Lockout/Tagout 
procedure, were established and meticulously followed to ensure safe operating conditions. Refer to 
Appendix F for general HV safety considerations, emergency procedures, and operational protocols for 
the electric-arc system. 
 
Figure 64. Electric-arc generator system schematic. 
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a)  b)  
Figure 65. Photographs of a) the electric-arc generator system and b) internal components. 
In the previous active flow control studies of the separated base flow,
23
 a significant increase in 
fluidic forcing amplitude and subsequent shear layer perturbations was observed by increasing the plasma 
current from ¼ to 1 ampere. In fact, an increase in current was stated as the most influential plasma 
forcing parameter (more significant than frequency, mode, on-time/duty cycle, or power input) on the 
shear layer. It was postulated that the increased current resulted in an arc, as opposed to a glow discharge, 
depositing more energy per pulse which was coupled into the gas in the actuator cavity, ultimately 
resulting in more thermal expansion, increased actuator velocities, and stronger fluidic forcing. A similar 
increase was hypothesized for an even greater increase in current. By rearranging the preexisting 3500 
ohm resistors for a combined 1750 ohms (four resistors placed in parallel before the high-voltage switch 
and an additional four resistors in parallel after) and setting the power supply to 7 kilovolts, a nominal 
current of 4 amps could be supplied to a single actuator.  In the current study, spectroscopic 
measurements were conducted at currents of ¼, 1, and 4 amps. 
The LAFPA actuator geometry for the current pressure-dependent measurements consisted of 
two, 1 mm diameter ceriated tungsten welding rod electrodes recessed into a 5 mm long by 1.6 mm wide, 
shallow cavity (2 mm deep), as shown in Figure 66. The open-cavity design provided optical access to the 
entirety of the arc. As depicted in the figures, the two electrodes were oriented vertically, with the air gap 
between the high-voltage (anode) and grounded (cathode) electrodes set to 2 mm. The actuator housing 
was machined from AX05 Combat boron nitride (BN), obtained from Saint-Gobain Advanced Ceramics, 
Inc. BN was selected as the housing material as it has a high degree of machinability, high dielectric 
strength (79 kV/mm), high thermal conductivity (78-130 W/m-K), and can withstand temperatures up to 
Cooling tower
Coolant plumbing
Cooling fans
HV power supply
Cooling fans
Pulse generator
HV switch
Optical-isolating PCB
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2000˚C.138 Having a high thermal conductivity, the housing conducted some of the heat away from the 
electrodes which reduced corrosion, especially at high activation frequencies and plasma currents.  
a)  b)  
Figure 66. LAFPA actuator a) section view and b) geometry for emission spectroscopy experiments. 
5.2.2 Diagnostics 
Emission spectroscopy 
To determine the effects of ambient pressure on the plasma emission of the electric arc, emission 
spectroscopy measurements were obtained. For the current experiments, the LAFPA actuator was 
installed in a sealed vacuum chamber with optical access windows, as shown in Figure 67. Constructed of 
anodized aluminum with 51 mm (2 in) diameter quartz windows, the vacuum chamber allowed the 
pressure in which the plasma was formed to be controlled. Chamber pressure was continuously monitored 
using a single pressure transducer from the Pressure Systems Inc. Netscanner system (described in 
Chapter 2.3) and was held to a constant value of ± 0.07 kPa (0.1 psi) using an external vacuum pump and 
regulated bottled air. Light emitted by the plasma arc was collimated and focused using two, plano-
convex lenses (100 and 150 mm focal length, respectively) onto the slit of a SPEX 270M f/4, 270 mm 
focal length imaging spectrograph, as shown in Figure 68. An 1800 gr/mm diffraction grating was used to 
obtain an approximately 0.2 nm resolution (FWHM). The imaging detector used to record the spectra was 
a Roper Scientific PI-MAX intensified CCD (ICCD) camera with a fiber-coupled 512   512 pixel array, 
in conjunction with an ST-133 camera controller. Capable of gate widths as low as 4 ns, the ICCD 
allowed for high-temporal resolution within the duration of the plasma pulse. Depending on the plasma 
pulsing frequency, the time delay between the input TTL signal to the HV switches and the actual plasma 
breakdown varied on the order of nanoseconds. To ensure proper timing of the recorded spectra, an 
Agilent Technologies N2771A 30 kVpeak, 50 MHz high-voltage probe was used to trigger the ICCD gate 
from the abrupt voltage drop (dropping below 0.75 kV) at the plasma formation.  The ICCD’s internal 
BN housing
2 mm
Cathode
Anode
5 mm
1.6 mm
Cavity2 mm
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gate delay from this trigger was set to march in time through the plasma pulse. For each spectrum 
acquired, 125 instantaneous images (accumulations) were recorded with a 100 ns gated exposure at each 
delay time and were averaged together. An Agilent DS07104B oscilloscope (1 GHz, 4 GSa/s) was also 
used to monitor and verify camera delay and gate width. Wavelength calibrations were performed to 
convert pixel location to wavelength using a nickel (Ni) cathode tube lamp (Azzota SHC15-Ni) over the 
∆v=-2 band sequence, while an iron (Fe) cathode tube lamp (Hamamatsu L233-26NU) was used for the 
∆v=-4 band sequence. Signal intensity was calibrated with an Ocean Optics, Inc. LS-1-Cal tungsten 
calibration lamp.  
 
Figure 67. Schematic of the vacuum chamber used for emission spectroscopy experiments. 
 
Figure 68. Schematic of spectroscopy data acquisition setup. 
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Voltage and Current Measurements 
Voltage and current measurements were also acquired for each plasma setting and chamber 
pressure to quantify the pressure dependence of the electrical characteristics of the arc. A second Agilent 
Technologies N2771A high-voltage probe was used to measure the anode signal. Again, this probe has a 
bandwidth of 50 MHz and ±2% DC voltage accuracy. To measure the plasma current, a Pearson 4100 
current monitor with a 1 volt/ampere sensitivity was used. The accuracy of this probe is +1/-0% with a 
0.09%/μs droop rate. A PicoScope 4424 PC oscilloscope acquired all voltage signals. The PicoScope has 
12-bit resolution, ±1% DC voltage accuracy, 20 MHz bandwidth, and 50 ppm (0.005%) time-base 
accuracy.   
5.2.3 Results 
Time- and spatially-resolved emission spectra were obtained for the LAFPA actuator, examining 
the radiative transitions from the diatomic nitrogen, N2, second positive system (C
3Π –B3Π). Figure 69 
shows a broad emission spectrum from the LAPFA spanning the N2 system under consideration, with the 
band sequences clearly marked. This particular spectrum was obtained at low pressure (3.4 kPa) to best 
display the key features observed in the spectral series. The ∆v=-2 band sequence was primarily 
investigated over the spectral range of 363-381 nm, covering the (0-2), (1-3), (2-4), and (3-5) bands. A 
single plasma condition was further studied at the ∆v=-4 band sequence between 407 and 429 nm, which 
included the (1-5), (2-6), (3-7), and (4-8) vibrational bands. Spectra in the ∆v=-3 band sequence were not 
considered due to significant contamination from N2+ (as seen in Figure 69 near 391.5 nm).  
 
Figure 69. LAFPA emission spectrum. For this broad example spectrum, the plasma actuator was operated at 4 A, 5 kHz, 
and 20 μs duration at a chamber pressure of 3.4 kPa (0.5 psia), with a 100 ns delay from the plasma initiation. 
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Pressure Variation 
The emission and electrical characteristics of the plasma were investigated for chamber pressures 
varying between 3.4 kPa (0.5 psia) and 99 kPa (14.3 psia).  Presented in Table 7, three different plasma 
conditions were evaluated. Focusing on the plasma specifications similar to those intended for the active 
flow control experiments in the axisymmetric wind tunnel, the 4 amp cases were of primary concern. 
Each plasma condition operated at a 10% duty cycle. For this set of experiments, only the ∆v=-2 band 
sequence was acquired. Spatial characteristics of the emission were considered within this study; 
however, the general pressure-dependent trends observed were consistent for the anode, inter-electrode 
gap, and cathode regions. As such, only spectra collected from the inter-electrode gap are presented 
within this pressure variation discussion. 
Table 7. Plasma specifications for spectroscopy experiments at varying pressure. 
Current 
[A] 
Frequency 
[kHz] 
Pulse Duration 
[μs] 
4 10  10 
4 5  20 
1 5 20 
 
In Figure 70, spectra are presented for the 4 amp plasma condition at a pulsing frequency of 5 
kHz at select ambient pressures, measured at 100 ns after the plasma initiation. Each spectrum is 
normalized by the maximum intensity recorded in the pressure sweep for that delay time. The ordinate 
axes are allowed to change, to highlight the line shape of the spectra, while maintaining a relevant and 
comparable intensity magnitude. As seen in the plots, a strong pressure dependence is observed in the N2 
spectra. The first observation is that the overall emission intensity in shown to decrease with increasing 
pressure as a result of augmented nonradiative collisional quenching (also see Figure 72). Next, there is a 
drastic change in the line shape. For this early delay time, sharp band heads are present at the lowest 
pressures, displayed in (a) and (b). With increasing pressure, these sharp band heads are attenuated, 
transitioning the band sequence to a less-defined saw-tooth structure, suggesting optically thick 
conditions.
139
  
Despite the ability to focus the emission from the plasma (ideally as a point measurement), 
emission spectroscopy probes a finite volume of the plasma with a concentration of potentially self-
absorbing molecules. Consequently, for strong emissions with increased concentrations, such as the 4 
amp arcs discussed herein, the radiative energy density becomes significant and the emission signal can 
be reabsorbed into the surrounding gas.
140
 These complicated interactions between light and matter, 
collected over a path length with non-uniform parameters (including local temperature and concentration) 
can obstruct the ability to accurately determine rotational and vibrational temperatures from the measured 
 101 
spectra. As previously mentioned, adverse optical depth effects have limited successful fits of 
experimental spectra to modeled synthetic spectra in previous studies at atmospheric pressure.
90,107
 
However, optical depth effects were anticipated to be less severe at the reduced pressures, considered 
herein. Additional descriptions of optical thickness and self-absorption effects can be found in the texts by 
Fridman and Kennedy,
109
 Laurendeau,
140
 and Hoyaux.
141
 
To quantify the rotational and vibrational temperatures of the plasma, synthetic spectra generated 
from electronic transitions of diatomic molecules and atoms were fit to the experimental data. Based on 
the methods outlined by Arnold et al.
139
 the model used to generate synthetic spectra was developed by 
Professor Nick Glumac at the University of Illinois at Urbana-Champaign. Computing spectral intensities 
from the interactions of emission radiation and the particles in the gas, the one-dimensional equation of 
radiative transfer considers spontaneous emission, induced emission, and absorption. The theoretical 
spectral model constructs line profiles using a Lorentzian lineshape for each rotational transition and 
assumes that the plasma emission is optically thin (i.e., the emission was not self-absorbing). A global 
scaling factor, FWHM, and background intensity are parameters determined in each fit. For a detailed 
discussion of the calculations, the reader is referred to Reference 139.  
Figures 70 (a) and (b) display the best-fit synthetic spectra and associated N2 rotational and 
vibrational temperatures for ambient pressures of 3.4 and 6.9 kPa, respectively. Note the spectral 
temperatures are presented to the nearest 100 K, and that uncertainty of these values is estimated between 
10 and 15%. At these low pressures, the synthetic spectra fit the experimental data moderately well, 
indicating realistic temperatures for early in the plasma pulse. While the vibrational distributions do show 
a slight increase with pressure, the rotational temperature increases significantly, even for the small 
increase in ambient pressure. In each case, the two modes are far from equilibrated. As a result of the 
observed self-absorption, synthetic spectra for the remaining pressures shown in (c) through (i) could not 
be fit well and therefore are not included here.   
At a delay time of 5 μs presented in Figure 71, spectra at all pressures indicate strong self-
absorption, and do not fit well to the optically thin model. Again, each spectrum is normalized by the 
maximum intensity recorded in the pressure sweep. Similar pressure trends were observed in spectra 
obtained for the other two plasma conditions (4 amp/ 10 kHz and 1 amp/ 5 kHz), which can be found in 
Appendix G. Spectra from the 4 amp/ 10 kHz plasma condition were similar to those presented for the 4 
amp/ 5 kHz case for all pressures, indicating a weak dependence on frequency, under the conditions 
examined. For the 1 amp/ 5 kHz plasma operation, the degree of self-absorption is, in general, less 
apparent compared to that of the 4 amp/ 5 kHz condition, but still exists for pressures as low as 
approximately 28 kPa. The reduced plasma current allowed fewer free flowing electrons with less 
frequent impacts with molecular species, and ultimately fewer N2 molecules in upper energy states.  
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Figures 72 (a) and (b) show the integrated emission intensity from the spectra between 
wavelengths of 363.6 and 381 nm as a function of pressure at delay times of 100 ns and 5 μs, 
respectively. Note the expanded ordinate axis in (b). These plots further highlight the strongly decreasing 
trend of emission intensity with both increasing pressure and delay time. 
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a)  b)  c)  
d)  e)  f)  
g)  h)  i)  
Figure 70. Emission spectra from the 4 amp LAFPA actuator operated at a pulsing repetition rate of 5 kHz and 10% duty cycle (pulse duration of 20 μs) for nine 
ambient pressures at a delay time of 100 ns from the plasma initiation. 
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a)  b)  c)  
d)  e)  f)  
g)  h)  i)  
Figure 71. Emission spectra from the 4 amp LAFPA actuator operated at a pulsing repetition rate of 5 kHz and 10% duty cycle (pulse duration of 20 μs) for nine 
ambient pressures at a delay time of 5 μs from the plasma initiation. 
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a)  b)  
Figure 72. Integrated emission intensity between 363.6 and 381 nm with varying ambient pressure. 
Voltage and current measurements were obtained for each plasma and pressure condition. 
Example traces of voltage and current versus time are shown in Figures 73 (a) and (b), respectively, for 
the nominally 4 amp electric-arc pulsing at 5 kHz and an ambient pressure of 13.8 kPa (the base pressure 
condition). Upon activation of the high-voltage switch at the beginning of each pulse, the anode voltage 
rises to the breakdown voltage, followed by a sharp drop indicating the creation of the arc discharge 
(time=0 μs). For the example case plotted, the average breakdown voltage was near 1600 V, but is 
dependent upon ambient pressure and plasma operating conditions (see Figure 74 (a)). EMI is apparent in 
both the voltage and current traces, resulting from the initial breakdown. As such, the first 1 μs of each 
pulse is not considered when determining the average plasma quantities (voltage, current, power, and 
energy). The red brackets shown in Figure 73 define the time window in which average values are 
computed. Following the plasma initiation, the steady arc sustains at an average voltage of 43 V and a 
current of 3.5 amps. For these waveforms, the DC power supply was operated at a constant voltage of 7 
kV and a combined ballast resistance of 1750 ohms, resulting in a nominal 4 amp current. The reduction 
in measured plasma current from the nominal calculated value is thought to be the result of tolerances 
within the ballast resistance values and a current-limiting behavior of the power supply; however, the 
average current of 3.5 amps is extremely repeatable considering multiple pulses, different frequencies, 
and different ambient pressures.  At the end of the pulse, the high-voltage switch closes, terminating the 
plasma, and the current falls to zero. The actuator power dissipated can be determined by forming the 
product of the voltage and current across the electrodes. In order to compare the nominal electrical energy 
of the LAPFA to that of the pulsed plasma jet, the energy per pulse was determined by considering the 
average power and the pulse-width. For this specific example, the average power is approximately 150 W 
with a calculated energy near 2.9 mJ per pulse. 
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a)  b)  
Figure 73. Time-dependent a) voltage and b) current traces for the 4 amp LAFPA actuator operated at a pulse repetition 
rate of 5 kHz and 10% duty cycle (pulse duration of 20 μs) at an ambient pressure of 14 kPa (2 psia). 
Average values of breakdown voltage, sustained plasma voltage, power, and energy per pulse for 
the three plasma conditions with varying pressure are reported in Figure 74. In Figure 74 (a), the average 
breakdown voltage is seen to generally decrease with decreasing pressure, as expected. For a given 
pressure, the average breakdown voltage for 4A/ 10 kHz plasma pulsing was slightly lower (ranging 
between 35 and 160 volts lower) than that at 4A/ 5 kHz, as a result of an increased concentration of 
lingering ions in the inter-electrode gap and higher residual electrode temperature. The latter is further 
exemplified when considering the noticeably larger average breakdown voltages displayed for the 1A 
condition. Sustained plasma voltage (shown in Figure 74 (b)), as well as the accompanying power (show 
in (c)), decrease with decreasing pressure and frequency. Voltage, current, and power values for the three 
plasma cases are consistent with those of typical nonthermal arc discharges.
109
 The calculated average 
energy per pulse for each condition is plotted in Figure 74 (d). In comparison, the energy additions of the 
LAFPA are one to three orders of magnitude less than those of the pulsed plasma jet, discussed above.  
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a)  b)  
c)  d)  
Figure 74. Average a) breakdown voltage, b) plasma voltage, and c) plasma power, and d) energy per pulse with varying 
pressure.  
For a qualitative visual overview of the plasma’s pressure dependence, long-exposure (4 second) 
photographs were obtained with a Nikon D80 DSLR camera with a Nikon DX 18-135 mm lens. Shown in 
Figure 75, photographs of the 4 A/ 5 kHz LAFPA condition were obtained off-axis through the side 
window of the vacuum chamber. Image (a) indicates the location of the actuator and the reflections off the 
chamber windows. Though no quantitative conclusions were made from these images, it is obvious that 
the light intensity and size of the plasma changes substantially with pressure. At low pressure, the plasma 
is more spatially diffuse, compared to higher pressures where the plasma remains in close proximity to 
the actuator cavity.  
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a)  b)  c)  
d)  e)  f)  
g)  h)  i)  
Figure 75. Long-exposure photographs of the 4 A LAFPA actuator pulsing at 5 kHz. 
Base Pressure Condition 
In an effort to gain a better understanding of the actuator’s performance at a pressure experienced 
on the base of the separated axisymmetric flow in the wind tunnel, emission spectra were obtained at an 
ambient pressure of 13.8 kPa. For these experiments, spectra were acquired and analyzed for a pulsing 
repetition rate of 10 kHz and 10% duty cycle (pulse-width of 10 μs) for plasma currents of ¼, 1, and 4 
amps at various delay times throughout the pulse duration. Time delays between the initial plasma 
breakdown and the emission were obtained as early as 100 ns through just after the end of the pulse. 
The emission signature from the electric arc varied extensively depending on plasma current, 
location within the arc, and delay time within the pulse. To first quantify the magnitude of the rovibronic 
emission for these different parameters, the area under each spectrum (∆v=-2 band sequence) was 
3.4 kPa (0.5 psia)5 mm
Reflections
Electrodes
6.9 kPa (1 psia) 10 kPa (1.5 psia)
14 kPa (2 psia) 28 kPa (4 psia) 41 kPa (6 psia)
55 kPa (8 psia) 69 kPa (10 psia) 99 kPa (14.3 psia)
 109 
integrated. Figure 76 shows the integrated emission intensity for each plasma condition throughout the 
pulse duration, for the three spatial regions of the actuator mentioned above (anode, inter-electrode gap, 
and cathode regions). For each data point presented, the camera exposure (gate width), intensifier gain, 
and number of accumulations remained constant to allow direct comparisons. All plots shown in Figure 
76 have been normalized by the same maximum intensity value (obtained from the 1A, 10 kHz plasma 
condition, shown in (b)).  
Several general trends are observed, including the noticeable spatial and temporal variations in 
integrated intensity. The emission peaks at early times, directly after breakdown within the first few 
hundred nanoseconds of the plasma pulse. Subsequent to the initial pulse, emission subsides for each of 
the three regions. Emission intensity magnitude was shown to increase for increasing current. For all 
plasma conditions considered here, the emission from the cathode region is shown to gradually increase 
through the pulse as a result of cumulative cathode heating from heavy ion bombardment. As the HV 
switch closes, extinguishing the plasma pulse, the emission intensity drops quickly to background levels, 
within 1 μs. 
  
¼ Amp 1 Amp 4 Amp 
a)  b)  c)  
Figure 76. Integrated emission intensity trends for the LAFPA actuator operated at 10 kHz and 10% duty cycle (pulse 
duration of 10 μs) throughout the pulse duration at base pressure condition for the (a) ¼ amp, (b) 1 amp, and (c) 4 amp 
arc. 
Figure 77 displays spectra acquired at the earliest delay time (100 ns) from the three spatial 
regions of the actuator for the three plasma currents. Variations due to plasma current are clearly 
discernible by comparing plots in the columns, while spatial variations are observed by comparing rows. 
The spectra from the anode region for the ¼ and 1 amp cases shown in (a) and (b), display sharp 
vibrational peaks and fit well to the optically thin model. Conversely, the spectra from the inter-electrode 
and cathode regions for both the ¼ and 1 amp plasma conditions display self-absorption. As indicated in 
the pressure sweep study, optically thick conditions existed for the 4 amp plasma cases at this pressure. 
Interestingly, though, for this and all other delay times considered, strong spatial variations were not 
observed for the 4 amp conditions, as seen in the lower current spectra. 
0 5 10 15 20
0
0.2
0.4
0.6
0.8
1
Time [s]
In
te
g
ra
te
d
 I
n
te
n
si
ty
 [
a
.u
.]
 
 
Anode Gap Cathode
0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
1
Time [s]
In
te
g
ra
te
d
 I
n
te
n
si
ty
 [
a.
u
.]
0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
1
Time [s]
In
te
g
ra
te
d
 I
n
te
n
si
ty
 [
a.
u
.]
0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
1
Time [s]
In
te
g
ra
te
d
 I
n
te
n
si
ty
 [
a.
u
.]
  
1
1
0
 
 ¼ Amp 1 Amp 4 Amp 
A
n
o
d
e 
a)  b)  c)  
In
te
r-
el
ec
tr
o
d
e 
g
a
p
 
d)  e)  f)  
C
a
th
o
d
e 
g)  h)  i)  
Figure 77. Emission spectra from the LAFPA actuator operated at a pulsing repetition rate of 10 kHz and 10% duty cycle (pulse duration of 10 μs) at base pressure 
condition (13.8 kPa) at a delay time of 100 ns from the plasma initiation. Rows correspond to spatial location and columns correspond to plasma current.
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From a thermodynamic standpoint, the plasma temperatures for a set pulsing condition and delay 
time are fixed, regardless of which band sequence is investigated. Also, since Boltzmann statistics 
indicate a decrease in population with an increase in excitation energy, spectra from the ∆v=-4 vibrational 
band sequence were acquired and analyzed, in an effort to circumvent, or at least lessen the severity of the 
optically thick conditions observed within the ∆v=-2 band. Figure 78 shows an N2 emission spectrum of 
the ∆v=-4 band for the 4 amp/ 10 kHz case (same plasma condition as shown in Figure 77 (c)). In addition 
to the expected N2 vibrational peaks, emission contributions from N2+ are observed at 423.6 and 427.8 
nm. To assess the degree of self-absorption in this band sequence, this spectrum was evaluated against 
synthetic spectra generated from SpecAir, a commercially-available software package that models 
radiative spectra for plasmas.
142
 Even with the ability to consider the contribution from N2+, self-
absorption in this band sequence was also found to be significant, again hindering accurate spectral 
temperature fits. 
 
Figure 78. Emission spectrum of the Δv=-4 band sequence for the 4 amp, 10 kHz, and 10% duty cycle LAFPA.  
In summary, the LAFPA actuator was investigated over a range of pressures (including the 
pressure that the actuator will experience under flow-control conditions for the axisymmetric base flow), 
documenting the emission and electrical characteristics. The extent of optically thickness (and subsequent 
self-absorption) with varying ambient pressure was examined for an array of plasma actuation conditions. 
Observations have shown that self-absorption is significant for the 4 amp discharges for most times, 
locations, transitions, and frequencies even at reduced pressures levels. The severity of self-absorption 
was lessened with reduced pressure, in addition to reduced current. However, the assumption that these 
plasmas are optically thin is generally not valid. It is believed that understanding of the emission and 
electrical characteristics with respect to changes in ambient pressure will be of value toward 
understanding the implications of flow control with electric arc actuators. Additionally, for the spectra 
that could successfully be fit, these temperature data are useful for simulation validation of these flow 
control devices. Considering the reduced power consumption and the ability to actuate at consistent and 
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controllable high frequencies over a range of plasma forcing and ambient conditions, the LAFPA actuator 
was selected over the pulsed plasma jet to be pursued for active control of the axisymmetric base flow. 
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CHAPTER 6: ACTIVE FLOW CONTROL INVESTIGATION 
This chapter describes the characterization of the localized arc filament plasma actuator as an 
active flow control device for the massively separated high-speed base flow. This study builds upon 
previous results
22,23
 utilizing a similar electrical system, by expanding the matrix of plasma actuator 
parameters. Details of the electric-arc systems and wind tunnel model are provided, followed by a 
description of the diagnostic techniques used (namely base pressure measurements and particle image 
velocimetry) to quantify the flow control authority. Voltage and current measurements were also acquired 
for at least a single actuator. A preliminary study was first conducted, utilizing only a single actuator to 
examine the device geometry and energy addition. Finally, results from the study implementing an eight-
actuator model are presented and discussed.  
6.1 Actuator System Description 
The corner expansion process is known to alter the mean and turbulent properties of the separated 
base flow, which ultimately facilitate the mass entrainment and turbulent mixing through the shear layer. 
This mass entrainment, and hence the shear layer properties, undoubtedly drive the recirculation region, 
setting the base pressure of the axisymmetric body. As such, the LAFPA actuators were positioned and 
operated at the corner separation point of the axisymmetric base to actively stimulate instability 
mechanisms in the initial shear layer in an attempt to control the flow structure of the near wake and alter 
the base pressure. 
The actuators utilized for the active flow control of the supersonic axisymmetric base flow 
experiments are driven by the same electric-arc generator system explained in Section 5.2. Shown in 
Figure 79, two separate (but identical) systems have the ability to independently control up to eight high-
frequency actuators placed circumferentially around the base. By independently controlling each arc, the 
pulsing frequency and phase between actuator locations can be varied to force different low-order 
azimuthal or axisymmetric modes. Additionally, this methodology allowed the control effects to be better 
quantified by synchronizing and phase-averaging measurements with the plasma forcing. 
Prior to this study, the electric-arc generator systems were equipped to power and control each of 
the eight actuator channels with up to 1 amp of pulsed current. However, as mentioned earlier, an increase 
in current (¼ amp to 1 amp) was previously found to be the single most influential plasma forcing 
parameter. Accordingly, experiments were conducted, again with a four-fold increase in current with 
anticipation of a similar increase in actuator performance. Identical to the resistor configuration used in 
the 4 amp spectroscopy experiments, placing the 3500 ohm ballast resistors in parallel (four on each side 
of a high-voltage switch) effectively reduced the total resistance to ¼ of the original value, hence 
producing a single 4 amp arc. Additional replacements ballast resistors (390 ohm) were then acquired to 
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convert all four of the plasma actuators per cart to 4 amp discharges, for the primary eight-actuator wind 
tunnel experiments.  
It must be emphasized that operating the four-channel electric-arc system at 4 amperes each is at 
the extreme limit of its functional capacity. For this configuration, the duty cycle is restricted to a 
maximum of 6% to operate within the 1 amp time-averaged current limit of the power supply. 
Additionally, the immense power dissipated by the ballast resistors, though within the manufacturer’s 
specifications, resulted in them getting very hot throughout the course of an experiment. Therefore, the 
duration of each experiment while operating at 4 amps of current, was kept to 60 seconds or less. 
Additionally, delays were required to allow the resistors to cool to room temperature between 
experiments. 
 
Figure 79. Eight actuator electric-arc generator system schematic with base geometry. 
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The model used for the active flow control studies was comprised of the stainless steel sting, a 
cylindrical afterbody, a base plate, and eight actuator inserts. Figure 80 (a) shows the model arrangement, 
and the cutaway schematic in Figure 80 (b) depicts how the model components were assembled. Similar 
to the other models previously described, a 63.5 mm (2.5 inch) diameter brass afterbody joins to the sting 
through a threaded connection that is sealed with an o-ring. The afterbody was machined with eight 
ground electrode holes (one per plasma actuator) and an internal groove to guide a retaining ring. The 
retaining ring is designed to securely affix and properly ground the cathode of each actuator. Machined 
from aluminum 7075 with slots for the actuator inserts, the base plate was installed into the afterbody and 
sealed with an o-ring and vacuum grease. A ¼”-20 retention rod that extended to the other end of the 
sting secured the base plate and actuator inserts to the afterbody piece. Three, radially distributed pressure 
taps to record mean static pressure are located on the base. Taps were located radially at 9.5, 17.5, and 
25.4 mm (corresponding to r/R0 = 0.30, 0.55, and 0.80) from the center. Additionally, there were three 
taps located along the afterbody at 25.4, 36.5, and 47.6 mm (corresponding to x/R0 = -0.8, -1.15, and -1.5) 
axially upstream of the base corner.  
a)  b)  
Figure 80. a) External and b) internal schematics of the eight-actuator afterbody/base model. 
Machined from grade AX05 Combat boron nitride, the insulative inserts form the actuator cavity 
geometry as well as position the two electrodes. Sealed with vacuum grease, the BN inserts fit tightly 
within the aluminum base slots. Two support dowels help to position and secure each connection. The 
electrodes used were 1 mm diameter ceriated tungsten welding rods, separated by an air gap of 
approximately 2 mm at their tips. The ground electrode is embedded normal to the base surface and aligns 
with the aforementioned ground holes in the afterbody. The HV electrode angles out from center (32° 
from the normal to the base) toward the edge of the BN insert and actuator cavity. Fourteen gauge wire 
(rated to 10 kV-DC) connects to the HV electrode via a crimped pin terminal and extends through the 
hollow sting to the electric-arc generator system. A silicone sealant is used to seal the electrode holes, 
securely maintaining the HV electrode position (ensuring proximity to the ground electrode), and 
providing a dielectric barrier between the HV electrode and the grounded base and afterbody. A mastic 
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insulative tape was applied to the aluminum plate to provide an additional dielectric barrier to prohibit 
inadvertent grounding or arcing to the inside of the base. 
As part of the preliminary study, four different actuator cavity geometries were investigated. 
Shown in Figures 81 (a), (b), and (c), three of the actuator geometry designs consisted of a cylindrical 
cavity of 2.8 mm diameter and 4.9 mm depth with a circular exhaust orifice with diameters of 1 mm, 2 
mm, and 2.5 mm, respectively. The open side of the cavity was sealed with a high-temperature ceramic 
putty (Cotronics Corp. Thermeez 7020), yielding a cavity volume of approximately 18 mm
3
. The 
motivation to use the cavity with an exhaust orifice was prompted by the large exhaust velocities 
observed in the pulsed plasma jet study. By varying the orifice diameter, it was theorized that an optimum 
balance between the strong jetting effects from exhaust restriction and yet adequate cavity refilling could 
be reached for flow control-responsive activation frequencies. The fourth geometry consisted of a 4 mm 
long by 2 mm wide inclined open cavity, successfully implemented in previous base flow control 
studies.
22,23
 For each geometry, the centerline of the exhaust opening was positioned halfway in between 
the electrodes and was angled at 32˚ from the base surface normal direction to eject heated gas into the 
initial free shear layer at locations around the base. Based on the results of the geometry configuration 
study (discussed in detail below), the inclined open cavity was selected and implemented at the eight 
actuator locations around the periphery of the axisymmetric base. Photographs of the model components, 
construction, and fully-assembled configuration are shown in Figure 82. Facing the base, each actuator is 
numbered in the clockwise direction, starting with channel 1 located at the top of the base (i.e., 12 
o’clock). Dimensioned engineering drawings of all the model components can be found in Appendix E. 
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    a)  b)        
    c)               
d)  
Figure 81. Preliminary actuator cavity geometries: a) 1 mm orifice, b) 2 mm orifice, c) 2.5 mm orifice, and d) inclined 
open cavity. The centerline of each exhaust opening is angled at 32˚ from the base surface normal direction. 
a)  b)  
c)  d)  
Figure 82. Eight-actuator model photographs: a) afterbody and base plate, b) base plate with mastic insulative tape, c) 
assembly showing the HV wires and pressure tubing, and d) fully-assembled model. 
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6.2 Diagnostics 
6.2.1 Voltage Measurements 
Voltage and current measurements were acquired for channel 1 to verify the proper phase delay, 
voltage, and current for each plasma condition. An Agilent Technologies N2771A 30 kVpeak high-voltage 
probe was used to measure the anode signal, while a Pearson 4100 probe was used to measure current. 
Both signals were acquired with a PicoScope 4424 PC oscilloscope and saved for processing. After the 
initial model installation and periodically throughout the experimentation period, the voltage and current 
of each of the eight actuators were independently measured to confirm electrical behavior and appropriate 
time/phase delay. Ideally, the high-voltage and current of all eight actuators would be monitored 
simultaneously; however, due to equipment constraints this was not possible. Two channels were 
attempted to be monitored, but accumulated EMI effects caused the PicoScope data acquisition software 
to lose connection with the oscilloscope, prohibiting concurrent measurements.  
6.2.2 Base Pressure Measurements 
To evaluate the effects of the plasma forcing on the base pressure profile, mean static pressure 
levels were measured during the primary eight-actuator experiments. Base pressure measurements were 
not acquired for any of the preliminary cases due to the localized influence of the single actuator. Pressure 
taps on the afterbody and base surfaces were connected to Pressure Systems Inc. pressure scanners 
(Netscanner Model 98RK and modules Model 9816), as described in Chapter 2. Pressure tap tubing was 
routed, along-side the HV wires, through the hollow sting and connected to the pressure scanners. Note 
that during the experiments, the array of pressure taps along the base was oriented at an angle of 62.5° 
counter-clockwise from vertical, in between channels 7 and 8 (different than what is shown in Figure 82). 
6.2.3 Particle Image Velocimetry 
Using a particle image velocimetry experimental setup nearly identical to that of the no-control 
base flow experiments described in Section 3.2.2, velocity and turbulence measurements were obtained in 
the near-wake region of the axisymmetric model. Unless otherwise stated, all diagnostic equipment, 
image acquisition details, and processing were kept the same as for the earlier experiments. Figure 83 
shows a schematic of the PIV imaging plane in reference to the actuator location. The laser sheet projects 
vertically along the center plane of the model and was aligned with the centerline of two of the plasma 
actuators. In this way, the PIV velocity field captured the local disturbances generated from the top 
(channel 1) and bottom (channel 5) actuators, in addition to the overall influences of the array of actuators 
on the recirculation, recompression, and reattachment regions of the axisymmetric base flow in this plane. 
Table 8 summarizes the details of the imaging location for the plasma control studies, as the resolution 
and axial coordinates changed slightly from the baseline experiments in Chapter 3. For each plasma 
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control case, 315 image pairs were acquired and processed using DaVis 8.1 PIV software. The quality of 
the particle images obtained was similar to that presented in Figure 23. A no-control data set was acquired 
at the beginning and end of each day of experimentation for comparison with the active forcing cases. 
Moreover, these baseline data confirmed a symmetric recirculation region, ensuring proper alignment of 
the axes of the annular nozzle and sting/afterbody. 
 
Figure 83. PIV imaging position of the near-wake flowfield for the eight-actuator base. 
Table 8. PIV imaging details for active flow control experiments. 
Imaging 
Position 
Location Radial Coordinates Axial Coordinates Resolution 
Laser 
Δt 
A 
Initial shear layer / 
recirculation region 
r/R0 = [-1.45, 1.45] x/R0 = [0.07 - 3.0] 
21.7 pix/mm 2 μs 
r = [-46, 46 mm] x = [2.2 mm, 96.6 mm] 
 
Time synchronization was set by a master Quantum Composers 9518 pulse generator that 
controlled the laser flashlamps, Q-switches, and the two slave Quantum Composers 9514 pulse generators 
used to control the electric-arc generator systems. Triggered from the initiation of the first laser’s 
flashlamp, the camera’s exposures were internally delayed within the image acquisition software (PCO 
CamWare) to capture the scattered light from the laser pulses. In this way, the PIV image acquisition 
could be phase-locked to specific delay times after the plasma initiation.  
6.3 Actuator Characterization 
A preliminary characterization was performed to evaluate the different actuator geometries and 
electrical energy additions to tailor the plasma actuator toward the specific flow control application of the 
separated base flow.  For these experiments, only a single actuator placed at the top, center location on the 
base (channel 1) was utilized.  
A
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6.3.1 Geometry Characterization 
Quiescent Environment 
The four actuator geometries under consideration included a 1 mm, 2 mm, and 2.5 mm diameter 
orifice, as well as an open cavity design, as described earlier. To first investigate how the orifice affects 
the actuators’ exhaust velocity, the actuator geometries were examined pulsing the plasma discharge into 
quiescent air. For these experiments, a sparse matrix of plasma conditions was conducted, considering 
only 1 kHz and 5 kHz operation, recorded at two delay times (40 and 70 μs).  In no way, do these limited 
experiments claim to fully capture the detailed temporal evolution of the induced velocity fields as 
presented in Section 5.1 for the pulsed plasma jet or by DeBlauw et al.
99
 for the LAFPA actuator. Instead, 
the primary intent was to broadly compare the actuator’s behavior in a quiescent environment to that in 
the axisymmetric base flow scenario.  
Ensemble-averaged velocity vector fields for the electric arc discharge are shown in Figures 84 
and 85 for the actuator geometries under consideration at delay times of 40 and 70 μs, respectively. In 
these and subsequent figures, the origin of the cylindrical coordinate system has been placed at the radial 
center of the base model, with the positive axial direction pointing downstream, similar to the PIV results 
presented in Ch. 3. For spatial reference, the black rectangle to the left represents a scaled notional base 
with the actuator location placed at the base corner (near (0,1)). Dimensions are normalized by the base 
radius (R0=31.75 mm). The color bar scale is kept constant for each of the contour plots. Reduced from 
the total field-of-view acquired, the plotted domain highlights the plasma actuator-induced local 
disturbance location and magnitude compared to the base region. Also note that the plotted vector lengths 
are magnified to better demonstrate flow directionality of the low-speed induced fluid. The large vectors 
for the 1 mm geometry are correct, but appear over-exaggerated due to the large velocity magnitude in the 
core of the exhaust. 
For 1 kHz actuation with a 20 μs pulse duration at a delay time of 40 μs, the different geometries 
generate variations in induced velocity fields as shown in Figure 84. For the 1 mm orifice diameter seen 
in (a), a relatively strong directed jet is present. The maximum measured velocity is approximately 22 
m/s, which is the largest measured value considering all of the geometries at this activation frequency. In 
each of the other three geometries shown in (b), (c), and (d), a semi-circular blast wave, generated by the 
sudden energy deposition of the arc initiation, is observed centered at the actuator with a radius of 
approximately 0.4 base radii. Additionally, near to the exhaust opening, a refilling process is evident as 
the fluid velocity is directed back into the cavity at this particular delay time (at twice the pulse duration). 
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a)  b)  
c)   d)  
Figure 84. Average PIV speed contours and velocity vectors from the 4 amp LAFPA operated in a quiescent environment 
at a pulsing frequency of 1 kHz and 20 μs pulse duration for various actuator geometries at a delay of 40 μs from the 
plasma initiation. 
At a later delay time (70 μs), shown in Figure 85, the smallest 1 mm orifice diameter actuator is 
still exhausting relatively high velocity fluid (13 m/s maximum). There is faint structure, reminiscent of a 
blast wave, near x/R0 = 0.6. The same blast wave is seen in each of the other three geometries and grows 
in strength (local velocity) with increasing actuator exit area. Tracking the location between delay times 
of 40 and 70 μs, the front of the wave is convecting at 343 m/s, or approximately Mach 1. Shown in (b), 
the 2 mm diameter orifice actuator is refilling with inward velocities, compared to the largest exhaust 
openings of the 2.5 mm orifice in (c) and the open cavity in (d), which are again weakly exhausting fluid 
from the cavity at this delay time. This weak secondary exhaust is thought to be from delayed heating of 
the gas from the hot electrodes and cavity walls. 
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a)  b)  
c)   d)  
Figure 85. Average PIV speed contours and velocity vectors from the 4 amp LAFPA operated in a quiescent environment 
at a pulsing frequency of 1 kHz and 20 μs pulse duration for various actuator geometries at a delay of 70 μs from the 
plasma initiation. 
Similar trends were observed for velocity fields generated from the actuator pulsing at a 
frequency of 5 kHz. Generally, lower exhaust velocity and local fluid velocity within the blast wave were 
noted at 5 kHz compared to the 1 kHz, as a result of decreased refill time, leading to less mass in the 
cavity with higher gas temperatures and lower densities.  
It has been shown for this limited test matrix of plasma conditions that the LAFPA is capable of 
producing an induced velocity into a quiescent environment. For identical plasma forcing conditions, the 
geometry of the actuator housing drastically affects the actuators’ output in terms of velocity magnitude 
and direction. 
Base Flow Conditions 
The primary objective of the preliminary actuator characterization was to evaluate the influence 
of the different plasma actuator geometries on the axisymmetric base flow. Particle image velocimetry 
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was the chief diagnostic tool used to quantify the effects of the single actuator. For each actuator design, 
PIV data sets were acquired for several plasma actuation conditions, summarized in Table 9. Nominal 
plasma current was set to 4 amps for each test. The pulse duration for the 1 kHz experiments was set to 20 
μs, resulting in a low duty cycle of 2%. Previous results99,104 have suggested that no benefits are realized 
for longer on-times, and therefore were not investigated. A maximum duty cycle of 10% was enforced 
due to the risk of overdrawing current from the power supply and overheating the resistors at the nominal 
4 amp load. In addition to the plasma forcing experiments, no-control data sets were collected. 
Table 9. PIV experiment matrix for actuator geometry evaluation. 
Frequency Pulse Duration Duty Cycle Delay Time 
[kHz] [μs] [%] [μs] 
No Control N/A N/A N/A 
1 20 2 50 
1 20 2 70 
1 20 2 90 
1 5 0.5 70 
5 20 10 70 
20 5 10 70 
 
PIV speed contour plots for the four different actuator geometries are compared in Figure 86 for 
the 1 kHz and 20 μs pulse duration active forcing at a 70 μs delay time. Flow is left to right, and the single 
plasma actuator location again is placed at the top base corner. Each figure, plotting only the upper half of 
the flowfield (r>0), is labeled with the corresponding geometry title. In general, the flowfield resembles 
the no-control case presented in Figure 34, displaying the freestream flow turning through the centered 
corner expansion, the growing shear layer, and the low-speed recirculation region. In the active forcing 
cases with 2 mm and 2.5 mm diameter orifices and the open cavity in (b), (c), and (d), respectively, a 
velocity disturbance is evident in the shear layer near x/R0=0.5 as a result of the plasma pulse. Though 
relatively small in magnitude compared to the freestream flow, the perturbation is discernible. No 
noticeable disturbance can be identified for the 1 mm diameter orifice in (a), however. 
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a)  b)  
c)  d)  
Figure 86. Speed contours of active control of the near-base region of the axisymmetric base flow using LAFPA actuators 
operated at a pulsing frequency of 1 kHz and 20 μs pulse duration for various actuator geometries at a delay of 70 μs 
from the plasma initiation. 
To better highlight the velocity disturbances, Figure 87 compares the radial velocity component 
from the same data ensembles. Here the color bar scale has been set to reflect the reduced, sensitive radial 
velocity magnitude. Interestingly and consistent with Figure 86, there is no discernible alteration to the 
shear layer observed from the 1 mm orifice design, or at least not that has persisted to this delay time. 
Again for the other actuator geometries, the influences from the active forcing are of similar magnitude 
and are shown to penetrate into the supersonic stream, generating compression waves that propagate 
radially outward and downstream. Due to a lack of discernible influence on the shear layer or overall base 
flow structure at even the modest forcing frequency of 1 kHz, further experimentation with the 1 mm 
diameter orifice was not pursued. 
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a)  b)  
c)  d)  
Figure 87 Radial velocity contours of active control of the near-base region of the axisymmetric base flow using LAFPA 
actuators operated at a pulsing frequency of 1 kHz and 20 μs pulse duration for various actuator geometries at a delay of 
70 μs. 
With the plasma actuator forcing parameters the same, the induced velocity fields presented in 
Figures 84 and 85 can be related with the contours in Figure 87. For the 1 mm diameter orifice, a strong 
jetting behavior is exhibited at atmospheric conditions; however, this actuator design fails to produce a 
control response to the separating shear layer at base flow conditions. Conversely, the other three 
geometries were shown to generate a coherent, compression blast wave with significantly lower exhaust 
velocities for the delay times acquired in the no flow environment. Yet, the influence from these actuators 
is shown to perturb the shear layer of the base flow. These results suggest that though forcing with a 
narrower cavity produces stronger jetting effects in a quiescent environment, high ejection velocities 
and/or long jet duration do not necessarily manifest as large perturbations in the low density, low 
pressure, high-speed flow scenario.  Rather, it appears that these actuators may cause a flow response 
through the initial compression blast wave and subsequent initial mass ejection. Additional, high-
resolution velocity field measurements at earlier delays would be required to concretely validate this 
hypothesis. 
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Analysis of the full experimental matrix considered for the preliminary geometry characterization 
yielded a number of conclusions. For the 2 mm and 2.5 mm diameter orifices and the open cavity designs, 
velocity disturbances in the forced shear layer could be tracked in space (and time) as they convected 
downstream. Though observed to diminish in magnitude slightly as each traveled away from the actuator, 
perturbations stayed moderately coherent and persisted into the recompression region. As forcing 
frequency increased and/or pulsing duration decreased, the disturbance magnitude (i.e., modulation to the 
shear layer) was reduced. However, as seen for the highest frequency probed in this study (20 kHz) in 
Figure 88, three pulses are indeed distinguishable along the shear layer. Even compared against the high 
speed magnitude of the free-stream (not shown), the influence from the short duration (5 μs), high 
frequency forcing is evident. Considering the symmetry of the recirculation region, there appears to be a 
gradual evolution with increasing exhaust opening size. Progressing from the no control contours in 
Figure 88 (a) where the recirculation region is extremely symmetric, the 2 mm orifice actuator forcing 
shown in (b) is observed to cause very little, if any, influence. For the 2.5 mm design in (c), the 
recirculation region has been shifted downward, manifested as an increase in negative velocity, away 
from the shear layer forcing. An even further alteration, presumably as a result of stronger forcing of a 
shear layer instability, is observed for the open cavity actuator geometry, shown in (d). 
It can be observed from Figures 86 through 88 that fluidic influences to the shear layer and 
supersonic flow for each of the 2 mm, 2.5 mm, and open cavity actuators were of generally the same 
magnitude. However, performance at a forcing frequency of 20 kHz was considered the most significant 
factor, as high-frequency actuation (in the range of 10 to 30 kHz) has been proven previously to be the 
most influential when attempting to actively control the axisymmetric base flow and alter the base 
pressure.
23
 Therefore, it was decided to utilize the open cavity design for the primary eight-actuator flow 
control study. In addition to the fluidic arguments presented, manufacturability of the actuator inserts also 
supported the open cavity geometry. Despite having a high degree of machinability for a ceramic 
material, BN is still quite brittle and susceptible to cracks and fractures. The open cavity design required 
fewer machining operations and ultimately, a more robust actuator insert. 
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a)  b)  
c)  d)  
Figure 88. Radial velocity contours of active control of the near-base region of the axisymmetric base flow using LAFPA 
actuators operated at a pulsing frequency of 20 kHz and 5 μs pulse duration for (a) the no control and (b-d) various 
actuator geometries at a delay of 70 μs. 
6.3.2 Energy Addition Characterization 
The previously discussed geometric study was conducted utilizing a nominal 4 amp plasma 
current for all cases investigated. The choice to use 4 amps for a single actuator channel was a natural 
progression from the previous 1 amp work, utilizing the preexisting resistors in the electric-arc generator 
systems. Before extending the increased current to all four channels of each electric-arc generator system, 
however, additional consideration was needed. To satisfy the time-averaged, nominally 1 amp maximum 
supply current of the power supply, the duty cycle of activation would need to be limited depending on 
the forcing current (i.e., lowered duty cycle for increased current). From a fluidic forcing standpoint, it 
was hypothesized that an optimum balance between plasma current and duty cycle could be achieved, 
given this power supply constraint. As such, active flow control experiments were conducted for a single 
actuator at a forcing frequency of 5 kHz with the open cavity actuator design, comparing three different 
plasma current and duty cycle combinations: 2 amps at 10%, 3 amps at 8%, and 4 amps at 6%. Each 
plasma condition was set such that it could be expanded to four actuators per system without nominally 
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overdrawing from the power supply or exceeding the time-averaged power ratings of the ballast resistors 
(500 W each).   
Voltage and current measurements were obtained to correlate the ensemble-averaged PIV 
velocity fields to their respective electrical characteristics. These data were also acquired to confirm 
consistent arc formation and electrical behavior. Mean current, voltage, power, and energy per pulse for 
each case (determined in a similar manner to that in Section 5.2.3) are presented in Table 10.  
Detailed analysis of the PIV velocity fields for the active control cases, in addition to a no-control 
case, was performed in order to evaluate and compare the forcing response on the separated shear layer. 
To better highlight the disturbance amplitude, the shear layer coordinates and velocities were rotated into 
the shear-layer reference frame. Similar to the method used for the baseline base flow data in Ch. 3, the 
coordinate rotation to the average shear layer angle was applied to the PIV data such that the origin is set 
at the base corner, the streamwise velocity (U') is parallel to the direction of the mean shear layer 
development, and the normal velocity (Vr') is perpendicular to the shear layer. Ensemble-averaged shear-
layer-parallel velocity fields with the 10%, 50%, and 90% U∞ velocity lines are presented in Figure 89. 
The no-control shear layer in (a) replicates the baseline shear layer presented in Figure 36. The magnitude 
of the velocity disturbances for each of the different plasma current/ duty cycle combinations in (b), (c), 
and (d) are similar. Considering that the average measured energy per pulse amongst the three forcing 
conditions is comparable, this was not too surprising. 
Table 10. Energy addition experiment matrix. 
Supply Nominal Nominal Pulse Duty Measured Plasma Power Energy 
Voltage Resistance Current Duration Cycle Current Voltage (mean) (mean) (mean) 
[kV] [ohm] [A] [μs] [%] [A] [V] [W] [mJ/pulse] 
7000 3500 2 20 10 1.7 44.0 73.9 1.4 
5300 1750 3 16 8 2.5 41.6 103 1.5 
7000 1750 4 12 6 3.4 43.5 147 1.6 
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a)  b)  
c)  d)  
Figure 89. Shear-layer-parallel velocity contours of the top shear-layer with and without control rotated in shear-layer 
coordinates. The top base corner is located at (0,0). 
To quantify the differences between the no-control and the three control cases, several additional 
metrics were considered. First, the shear layer thickness (defined as shear-layer-normal width between the 
10% and 90% U∞ locations) and the shear layer growth rates were determined. The shear layer thickness 
comparison is shown in Figure 90. For this and subsequent plots, the dimensional values are presented to 
demonstrate the magnitudes of the disturbances and velocity alterations. The no-control shear layer 
thickness distribution replicates that of the baseline model (non-dimensionalized by R0 in Figure 35). For 
each of the plasma forcing cases, an obvious local thickening of the shear layer is present near x'=20 mm, 
signifying the influence of the actuator disturbance. Additionally, it was observed that the overall shear 
layer thickness for the control cases is consistently and significantly thicker than for no control, with a 
majority of the growth occurring in the inner, subsonic portion of the shear layer (not shown). On 
average, the forced shear layers were approximately 10% thicker than that of the no control case, and 
were found to be insensitive to the plasma forcing conditions considered here. Using a least-squares linear 
regression, the growth rates were estimated at 0.100, 0.097, 0.097, and 0.097 for the no-control, 2A - 
10%, 3 A - 8%, and 4 A - 6% cases, respectively. These values were considered to be within the random 
variation of the shear layer measurements, and therefore were not believed to be statistically different. 
The next quantifiable measure used to compare the velocity disturbances of the energy addition 
combinations considered the shear-layer-normal velocity profiles extracted from straight lines connecting 
the endpoints of the 10% and  90% U∞ profiles in Figure 89. Figure 91 compares these shear-layer-normal 
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velocity traces. Again, the velocity disturbance is apparent for all plasma forcing cases; however, the 
absolute velocity change (peak to peak) compared to the no control data suggests that increased current 
creates a slightly larger influence on this velocity component of the shear layer. These offset vertical 
motions (in the shear-layer-parallel direction) are consistent with large-scale structure within the shear 
layer. A similar trend was observed when plotting and comparing the shear-layer-parallel velocity 
profiles.  
As a result of the preliminary characterization, a plasma current of 4 amps (operated at maximum 
of 6% duty cycle) was selected to be incorporated for all eight actuators of the base flow model utilizing 
the inclined open cavity geometry. It was demonstrated that this configuration showed the most flow 
control authority on the shear layer for a single actuator, and therefore was deemed the most promising 
for implementation into an the array for active control of the near-wake of the separated axisymmetric 
base flow.   
 
 
Figure 90. Shear layer velocity thickness comparison. 
 
 
 
 
Figure 91. Shear-layer–normal velocity profiles with and 
without active control along lines where the shear-layer-
parallel velocity reaches 10% and 90% of the freestream 
velocity. 
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6.4 Eight-Actuator Flow Control Results 
The final flow control experiments were conducted employing an array of eight LAFPA actuators 
placed around the axisymmetric base, each with an open cavity actuator geometry. Base pressure and PIV 
measurements were used to evaluate the influence of the plasma actuators on the supersonic axisymmetric 
base flow for a range of frequencies, plasma durations/duty cycles, actuator phase delays (i.e., forcing 
modes), and electric currents. The focus of this study was to evaluate the flow control authority on the 
global near-wake flow field and the base pressure, in addition to the local influence on the separated shear 
layer. Figure 92 shows a photograph of the afterbody with all eight actuators active. 
 
Figure 92. Photograph of the eight-actuator afterbody. 
Because of the relatively small magnitude of the actuators’ influence compared to the large 
freestream velocity, active control with the LAFPA actuators is thought to be most effective if the forcing 
frequency and actuation mode couple to natural instabilities in the flow. The plasma activation 
frequencies investigated herein were guided by previous separated flow control results and initial 
observations of the perceived influences in preliminary experiments. A no-control case served as the 
reference for all control cases. The lowest frequency examined was 850 Hz, as it is the dominant 
fluctuating base pressure frequency
30
 (also recall Figure 48 (a)). Numerical simulations of the supersonic 
base flow suggest that possible benefits to base pressure can be obtained when forcing at Strouhal 
numbers (based on diameter) between 0.83 and 5. For the current experiments, this range of StD 
corresponds to frequencies between 7.5 kHz and 45 kHz. Most applicable to the current experiments, 
DeBluaw et al.
23
 explored a complete matrix of forcing frequencies and modes using eight LAFPA 
actuators at a plasma current of 1 amp. Results indicated that the most sensitive range of frequencies was 
between 10 and 30 kHz. The absolute largest change to base pressure was experienced at a frequency of 
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20 kHz.  Table 11 presents the frequency test matrix used herein to evaluate the vertical flapping mode 
(discussed below). For these experiments, the duty cycle was maintained at 6% except for the 850 Hz 
case, which was set for a pulse duration of 20 μs and a corresponding duty cycle of 1.7%.  Vertical 
flapping was initially selected as the primary mode for investigation, as it resulted in the largest base 
pressure changes of the attainable forcing modes in previous work.
22,23
 The double helical mode was later 
added for a select number of frequencies. A common frequency of 20 kHz was exclusively utilized when 
investigating mode, duty cycle, and current variations. 
Table 11. Plasma forcing frequency for the final eight-actuator flow control experiments. 
Frequency Period StD Pulse Duration 
[kHz] [μs] [-] [μs] 
0 N/A N/A N/A 
0.85 1176 0.09 20 
7.5 133 0.83 8 
15 67 1.66 4 
20 50 2.21 3 
30 33 3.31 2 
40 25 4.42 1.5 
 
The phase delay between actuator locations was the next plasma parameter considered to force 
different modes of actuation. Table 12 outlines each of the attainable modes for the current eight-actuator 
model. A full mathematical expression for the azimuthal modes can be found in Reference 101. Modes 
m=0 (axisymmetric), 1 (helical), 2 (double helical), ±1 (flapping), ±2 (double flapping), and ±4 (quad 
flapping) were evaluated. It should be highlighted that using only eight discrete electric arcs actuated with 
a rectangular pulse sequence and duty cycle (as opposed to a continuous sine wave) can only approximate 
the given forcing modes. Additionally, forcing the axisymmetric mode is approximated by pulsing all 
eight actuators simultaneously. However, the combined length of the eight arcs is only approximately 16 
mm (each 2 mm long), amounting to roughly 8% of the entire 200 mm base circumference. At the time of 
the experiments, the laboratory electrical system was only equipped to power two of the HV power 
supplies, capable of powering a combined maximum of eight actuators. The axisymmetric forcing 
definition here differs from the typical axisymmetric disturbance where activation is distributed at all 
circumferential locations, such as that investigated numerically by Sivasubramanian et al.
48
 
Somewhat arbitrary in definition, the frequency of activation for the double helical mode must be 
clarified. Due to the two helical actuation patterns that travel concurrently around the base (with 180˚ 
phase separation), the frequency of this mode can be defined by either (1) the period of time for the two 
helixes to cross the same actuator location, or (2) the period of time it takes the helixes to make one full 
revolution. Consistent with previous LAFPA experiments
23,102
 and allowing for better comparisons with 
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the current experimental matrix of plasma-on times, the first definition was used for all presented double 
helical data.  
Table 12. Description of forced azimuthal modes, from Ref. 99 with permission. 
Mode, Name Description Remarks 
m (Abbreviation) 
  
0 axisymmetric The phase delay for all actuators is 0 deg. 
All actuators are operated at the 
same time. 
1, 2 
helical, double 
helical 
The phase delay between each neighboring 
actuator is m(360/8) deg. 
The phase delay between 
actuators 1 and 2 is 45 and 90 
deg. for m=1 and 2. 
±1 
vertical flapping 
The top three actuators (1, 2, and 8) and the 
bottom three actuators (4, 5, and 6) are operated at 
the same time, but 180 deg. out-of-phase with 
each other. 
The nodal points are at actuators 
3 and 7; hence forcing mode 1 
(two nodes per wave). 
horizontal flapping  
The right three actuators (2, 3, and 4) and the left 
three actuators (6, 7, and 8) are operated at the 
same time, but 180 deg. out-of-phase with each 
other. 
The nodal points are at actuators 
1 and 5. 
±2 double flapping 
Two consecutive actuators are grouped together 
(1-2, 3-4, 5-6, 7-8) and the first and third group are 
operated in-phase; the second and fourth group are 
operated in-phase, but 180 deg. out-of phase with 
the other two groups. 
There are nodal points between 
each neighboring group. 
±4 quad flapping 
All odd and all even numbered actuators are 
grouped together and operated in-phase, but 180 
deg. out-of phase with each other. 
There are nodal points between 
any two consecutive actuators. 
6.4.1 Base Pressure Measurements 
Area-weighted mean static base pressure measurements, normalized by the freestream static 
pressure (P∞), as a function of frequency are reported in Figure 93 for the vertical flapping and double 
helical modes. The data symbols represent the presssure ratio averaged over a number of independent (1-
3) runs, each consisting of approximately 50 to 60 seconds at wind tunnel conditions with the plasma 
actuators activated. The average no-control base pressure is presented as the horizontal dashed line, taking 
an average value of 0.536 ± 0.004. No-control repeatability was exceptional with the average values 
changing by 0.002 or less (corresponding to about 0.4%) between experiments. However, averaged 
measured base pressures for the same plasma condition were observed to deviate significantly from day to 
day, as much as 2%. Run to run repeatability, on a given day was markedly better. As such, data sets 
investigating the influence of a single parameter (i.e., frequency, mode, current, or duty cycle) while 
keeping the other parameters constant were obtained in consecutive runs in an effort to extract meaningful 
trends. It is not clear why the base pressure variability is increased with plasma forcing. Voltage and 
current measurements indicated similar and repeatable electrical characteristics, but it is possible that the 
coupling between the plasma actuators and flow environment is not consistent, or that inconsistent EMI 
effects affected the results in a small, but unknown manner from day-to-day. 
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As seen in Figure 93, no clear trend is apparent as a function of frequency for the vertical 
flapping mode. At all frequencies investigated, the percent difference changes in base pressure from the 
no-control case were less than 0.7%. Additionally, the reversing direction of the base pressure trend with 
increasing frequency further provides uncertainty as to whether active forcing with this particular mode 
demonstrates a significant influence on the base flow with regard to base pressure. For the double helical 
mode, a more sensible trend is present; however, relative to the no-control base pressure, changes again 
are small. The largest measured change, approximately 1%, is experienced at a forcing frequency of 15 
kHz. At a lower frequency, the magnitude of change is reduced, likely due to the large separation time 
between plasma pulses. At higher frequencies, again the base pressure change is less, which could be the 
result of a lower momentum exchange from the actuators’ diminishing performance at higher frequency. 
These data for the double helical mode at 4 amps agree with the general trend of DeBlauw et al.
23
 forced 
with a current of 1 amp. Therefore, it seems plausible that an optimum forcing frequency may be obtained 
in the middle range such that plasma pulses are frequent enough to make a time-averaged effect on the 
flow field, yet not too frequent as to degrade the actuators’ momentum-coupling performance.  
The area-weighted base pressure ratio for different forcing modes is presented in Figure 94. For 
each case, the forcing frequency and duty cycle were kept constant at 20 kHz and 6%, respectively. 
Again, each data point is the average of several independent runs. These data suggest that the mode of 
forcing does not appear to have a significant influence on the base pressure, at least at this frequency. 
Interestingly, the vertical flapping and horizontal flapping modes experienced slightly, yet consistently 
different average base pressure values. However, the rotational orientation of the flapping should not be 
significant for a truly axisymmetric flow. This suggests that actuators’ influence with regard to the base 
pressure is localized, such that the location of the pressure measurements with respect to the actuators 
matters. Other than for the axisymmetric forcing mode, the percent difference change from the average 
no-control values is less than 1%. Despite the largest absolute change to average base pressure (near -
1.5%), further experiments forcing the axisymmetric mode were not pursued at the risk of damaging the 
electric-arc generator system. Excessive heating of the resistors and a burning smell were observed for the 
single experiment at this forcing mode. The time-averaged power consumption from the power supply 
should nominally be the same compared to the other modes and within the estimated capacity of the 
electric arc system; however, on an instantaneous basis the peak power drawn exceeded the supply. For 
this case, the nominally 4 amp current was self-limited to approximately 3 amps per channel. 
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Figure 93. Area-weighted base pressure ratio for different 
forcing frequency and mode combinations. 
 
Figure 94. Area-weighted base pressure ratio for different 
forcing modes at 20 kHz and 6% duty cycle. 
Base pressure measurements were also acquired investigating the influence of plasma current and 
duty cycle. Results in the form of percent difference in base pressure ratio from the average no-control 
measurements are shown in Figures 95 (a) and (b), respectively. For these studies, the average no-control 
value is shown as 0 amps or 0% duty cycle. In each dataset, the forcing mode was vertical flapping. 
Partially substantiating the use of increased current in the present work, Figure 95 (a) indicates a 
monotonic decrease in base pressure ratio with increased current. The maximum decrease of -1.5% 
occurred for 4 amp forcing. Considering increased duty cycle in Figure 95 (b), a similar decrease was 
noted. This trend is in agreement with previous active base flow studies showing a decrease with 
increasing duty cycle (of up to 20%).
22,23
 For the current electrical system, a duty cycle of 6% was the 
maximum that could be obtained for forcing eight actuators at 4 amps of plasma current. 
a)  b)  
Figure 95. Percent difference of area-weighted base pressure ratio relative to no-control case versus plasma actuator a) 
current and b) duty cycle. 
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6.4.2  Velocity Field Measurements 
PIV data were acquired during the majority of the eight-actuator experiments discussed above for 
different plasma frequencies, modes, currents and duty cycles. The PIV and pressure measurements were 
obtained simultaneously, but not time-synchronized. For all velocity data shown in this section, the PIV 
measurements were acquired at a phase delay of 50 μs from the initiation of the top actuator (channel 1). 
A no-control experiment was conducted prior to and after the plasma control cases each day. 
These data were used to verify the symmetry of the recirculation region (a sensitive test), indicating a 
centered nozzle and model, as well as to directly compare the plasma actuators’ influence. In Figure 96, 
the average speed contours of the near-wake are shown without and with active flow control. The no-
control contour plot in (a) again independently replicates the baseline axisymmetric flowfield of Figure 
34. The speed contours presented in (b) correspond to the actively forced double helical mode (m=2) at 40 
kHz, 6% duty cycle, and 4 amps. Although small compared to the freestream velocity, a sequence of 
ripples persisting down both the top and bottom shear layers is shown.  
A slight shift in the directionality of the recirculation region toward the negative radial direction 
is witnessed for this example forcing case, but is not considered to be statistically significant. 
Asymmetries in the recirculation region of this small magnitude have been observed in other no-control 
and control datasets and are attributed to the dynamic nature and unsteadiness of the separated flow field. 
No large recirculation shifts were witnessed, outside the observed run-to-run variation. This is in 
opposition to previous results
22
 where asymmetry of the recirculation region was noted for most plasma 
forcing conditions. It is believed that in the current experiments, the wind tunnel nozzle and sting were in 
better alignment, resulting in the flow field exhibiting a stronger tendency to remain centered. 
Furthermore, this may help to explain the small changes experienced in the base pressure measurements 
for the active forcing experiments. Additionally, no statistically significant changes to the location of the 
rear stagnation point or magnitude of the maximum reverse velocity in the recirculation region were 
measured for any of the control cases, other than the minor spatial shift associated with the recirculation 
region. 
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a)  b)  
Figure 96. Average speed contours of the near-base region with a) no-control and b) active control using the eight LAFPA 
actuators operated in a double helical mode at a pulsing frequency of 40 kHz, 6% duty cycle, and 4 amps at a delay of 50 
μs from the plasma initiation. 
Color contours of the average radial velocity component for the same no-control and active 
control cases shown in Figure 96 are presented in Figure 97 to better visualize the influence of the plasma 
actuators. For the present frequency of 40 kHz, the disturbances in the top and bottom shear layers in (b) 
are positioned in the same axial locations from the base as a result of forcing the double helical mode; that 
is, the top (channel 1) and bottom (channel 5) actuators are actuated in phase. Other than these velocity 
disturbances, little difference is observed in near-wake flow structure or throughout the remainder of the 
flow field between the control and no-control cases. 
a)  b)  
Figure 97. Average radial velocity of the near-base region with a) no-control and b) active control using the eight LAFPA 
actuators operated in a double helical mode at a pulsing frequency of 40 kHz, 6% duty cycle, and 4 amps at a delay of 50 
μs from the plasma initiation. 
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To further highlight the plasma actuator’s influence, the differences in the radial velocity 
component between the active control and no-control flow fields were calculated. Figure 98 displays two 
example flow fields. The contour plot in (a) shows the velocity difference for the lowest forcing 
frequency tested at 850 Hz with a pulse duration of 20 μs in the vertical flapping mode. As a result of the 
plasma actuation, induced vertical motion (both positive and negative) is observed in the shear layer near 
to the actuator location at this delay time; for clarity, this region is boxed in the figure. Spaced 
approximately 1176 μs apart, discharges at this frequency produced the largest perturbations observed 
with maximum measured velocity differences of (VrC – VrNC) = ±7% U∞ (approximately 40 m/s). 
Additionally, a wave-like streak is seen to extend from the outer edge of the perturbation into the 
supersonic outer stream. No influence is seen from the bottom actuator as it is forced out of phase with 
the top actuator by 180˚ (T/2 = 588 μs) for this mode; the previous pulse has convected well out of the 
field of view. Random variations in the wake are also seen in the figure, but are within the standard 
variations observed from experiment to experiment. The radial velocity difference contour plot in (b) 
corresponds to a frequency of 40 kHz and pulse duration of 1.5 μs in the double helical mode. It is 
apparent that the size and magnitude of the disturbances are reduced (maximum velocity difference ±5% 
U∞), however, from the lower frequency forcing. The high-frequency activation from the top and bottom 
actuators produces a sequence of disturbances, seen as positive/negative velocity regions along the shear 
layers. Again, wave-like structures propagate into the high-speed outer flow, but are reduced in strength, 
compared to the lower frequency case. 
a)  b)  
Figure 98. Contours of the difference in radial velocity between the no-control and active control forcing at a) vertical 
flapping mode at 850 Hz and 20 μs pulse duration and b) double helical mode at 40 kHz and 1.5 μs pulse duration. 
Similar to the previous section, the base field velocities were rotated into the shear layer reference 
frame for further analysis of the shear layer. Figure 99 shows an example speed contour plot of a forced 
x/R
0
r 
/ 
R
0
 
 
0 1 2 3
-1
-0.5
0
0.5
1
(V
r C
-V
r N
C
)/
U

-0.05                      0                       0.05
x/R
0
r 
/ 
R
0
 
 
0 1 2 3
-1
-0.5
0
0.5
1
 139 
shear layer rotated into shear-layer coordinates with the boundaries demarcating the 10%, 50%, and 90% 
U∞ velocity locations indicated as black lines. Superimposed on the figure are the same boundaries for the 
no-control case (white lines). The vertical axis has been expanded by a factor of two compared to the 
horizontal to more clearly show the features of the shear layer. The displacement of the velocity contours 
is evident in the localized region near x'=10 mm as well as throughout the remainder of the inner and 
outer edges of the shear layer.  
 
Figure 99. Local  development of the top shear-layer rotated in shear-layer coordinates; white lines indicate 10%, 50%, 
and 90% U∞ for the no-control shear layer where black lines are for the actively forced shear layer. Active forcing with 
the double helical mode at 30 kHz and 6% duty cycle. 
The same detailed analysis was applied to all of the no-control and control cases as described in Section 
6.3.2. The following general conclusions can be made for actively controlling the separated axisymmetric 
base flow: 
 The local velocity disturbance magnitudes to the separated base flow shear layer decreased with 
increasing frequency. 
 The local velocity disturbance magnitudes increased with increasing plasma current and duty 
cycle. 
 The average shear layer growth rate was similar to that experienced by the no-control shear 
layer, taking values of 0.103 ± 0.007. 
 The average shear layer thickness for all control cases was consistently between 1-6% thicker 
than for the no-control case. No clear trends were observed linking shear layer thickness with 
frequency, mode, current, or duty cycle. 
 Other than the local velocity disturbance, the majority of increase in the shear layer thickness 
compared to the unforced case is experienced at the inner edge low-speed side of the shear layer. 
x [mm]
r 
 [
m
m
]
 
 
0 10 20 30 40 50
-6
-4
-2
0
2
4
6
U
 
/ 
U
-0.2 0 0.2 0.4 0.6 0.8 1
 140 
In summary, active flow control experiments were successfully conducted using eight localized 
arc filament plasma actuators placed near the corner expansion of an axisymmetric body submerged in 
supersonic flow. The LAFPA actuators were actuated for a range of operating parameters including 
frequency, pulse duration/duty cycle, mode, and electrical current. An electric current of 4 amps was the 
primary current investigated in an effort to impart greater flow control authority on the separated base 
flow than for previous studies using a plasma current of 1 amp. The 4 amp current at a maximum 6% duty 
cycle was found to produce relatively large disturbances in the shear layer velocity field of the base flow 
but to make only small changes to the measured base pressure. Reduced influences on the shear layer and 
base pressure were noted with decreased plasma current and duty cycle. The mode of forcing does not 
appear to have a strong influence on the performance of the actuators with regard to base pressure, as all 
measured changes were small.  
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CHAPTER 7: CONCLUSIONS 
The overall objective of this work has been to experimentally investigate both passive and active 
flow control methodologies for massively separated supersonic axisymmetric base flows. Through these 
fundamental studies, a better understanding of the fluid dynamic mechanisms that govern this flow was 
ascertained, documented, and used to further the field of high-speed flow control. The contributions of 
this research to the scientific community follow the five specific goals of this dissertation, summarized 
here. 
1) An axisymmetric supersonic wind tunnel facility was reconstructed specifically to address high-
speed separated base flows and the base drag control challenge. The intermittent blowdown-type wind 
tunnel, comprised of a pre-existing control valve, stagnation chamber, converging-diverging nozzle, and 
test section in conjunction with a newly designed high-pressure air inlet, diffuser, and exhaust system, 
was reassembled and brought in to operation in Aeronautical Laboratory A at the University of Illinois at 
Urbana-Champaign. Providing flow at a Mach number of 2.49 and a unit Reynolds number of 44.4 106 
per meter, the system is capable of steady state run times of approximately 100 seconds. This facility 
allowed for passive and active flow control experiments described herein, but can also be extended to 
investigate other massively separated flow geometries and/or control methodologies.   
2) In addition to the primary flow control studies, the separated flow from a cylindrical blunt-base 
afterbody was examined including detailed pressure and velocity measurements of the approach and near-
wake flowfields. The non-dimensional area-weighted average base pressure coefficient, characterizing the 
no-control base drag, was found to be Cpbase = -0.103. Mean and turbulence velocity measurements 
indicate that the velocity field is extremely dynamic considering both the local turbulent activity and 
instantaneous near-wake structure. On an instantaneous basis, the near-wake rarely experiences the mean, 
symmetric flow field. This comprehensive dataset will supplement the previous, extensively used, 
benchmark point-wise LDV velocity data of Herrin and Dutton
3
 to improve and validate numerical base 
flow modeling techniques.  
3) Passive flow control experiments were conducted by inserting triangular splitter plates into the 
recirculation region behind a blunt-based axisymmetric body in supersonic flow. These splitter plates 
divided the large-scale recirculation region, eliminated the low-order azimuthal instability modes, and 
affected the near-wake flow structure such that the time-averaged radial base pressure distribution was 
significantly altered. The area-integrated mean pressure acting on the base was observed to increase 
slightly by the splitter plate additions. This result was not consistent with the findings of the numerical 
simulations conducted by Sandberg and Fasel
50
 for reduced circumferential domains sizes at reduced 
Reynolds numbers. Key differences between the computations and experiments potentially contributing to 
the differing results were addressed. Schlieren images show that the splitter plate presence caused little 
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change in the large-scale behavior of the near-wake, outside of the recirculation region. Normalized RMS 
pressure levels were substantially decreased with increasing number of near-wake divisions. For all 
configurations, the normalized RMS magnitudes of the inner radial location were observed to be higher 
than for the outer location. The power-spectral-density estimates illustrated the differences in base 
pressure fluctuations at two radial locations for the no-control and splitter plate cases. Compared to the 
inner radial location, the outer location, in general, shows lower PSD values for all frequencies. For the 
no-control configuration, a sharp peak near 850 Hz was observed and is attributed to global pulsing of the 
recirculation region. For the 1/2 cylinder splitter plate configuration, the fluctuating pressure peak is 
broadened to higher frequencies. For the 1/3 and 1/4 cylinder splitter plate configurations, two distinct 
peaks in the PSDs were observed, implying that more than one mechanism is accountable for the pressure 
fluctuations on the base. The additional lower-frequency mode is thought to be caused by smaller, 
secondary recirculation regions that were observed in the corners where the splitter plates join with the 
base. These corner interactions were apparent in the two innermost static pressure measurements on the 
base, the flow visualization images, and the PSP results, and in general, seemed to increase in magnitude 
with increasing number of wake subdivisions. Ultimately, it was concluded that the recirculation region 
may not be the most sensitive location to apply flow control. Rather, the shear layer that develops from 
the separation point may be a more influential site for implementing flow control methodologies. 
4) Prior to implementation into the separated base flow scenario, active flow control devices in the 
form of pulsed plasma-based actuators were investigated. Two different plasma actuator devices - the 
pulsed plasma jet and the localized arc filament plasma actuator - were characterized and evaluated for 
potential flow control application.  
 Characteristics of a pulsed plasma jet exhausting into quiescent air under single pulse operation 
were presented. This actuator utilized a three-electrode, two-circuit design incorporating a low-current, 
HV ionization trigger to initiate a large capacitive energy deposition within a confined cavity. Rapidly 
heated and pressurized by the electrical energy addition, the mass of gas in the cavity is exhausted 
through a small orifice as a synthetic jet with high exit velocity. Emission photography, voltage 
measurements, schlieren imaging, and particle image velocimetry measurements were the diagnostics 
utilized to characterize this ZNMF actuator. Emission images visually captured the intensity and size of 
the HV trigger and arc discharges.  Voltage traces quantified the electrical requirements of the pulsed 
plasma jet. An HV trigger voltage of approximately 3.6 kV was used to ionize the air gap between the 
anode and cathode. The subsequent electric arc discharge deposits energy from a capacitor charged to a 
voltage near 570 V. Three capacitor sizes were examined: 0.25 μF, 2 μF, 25 μF, and 68 μF with 
calculated energy additions of 41 mJ, 330 mJ, 4.0 J and 11 J, respectively. Schlieren images and PIV 
measurements revealed that the jet structure, local and convective velocity, penetration depth, and exhaust 
 143 
duration are strongly dependent on capacitance and thus energy deposition. Peak velocities were 
measured to be 130, 320, and 496 m/s for the three lowest capacitances examined. A pulsating jet 
behavior was observed for each capacitor case and is reasoned to be the result of cavity wave dynamics. 
Owing to the ability to produce coherent ring vortices and significant jet velocities far from the orifice 
exit, the pulsed plasma jet actuator showed promise to potentially penetrate and influence supersonic 
flows. However, long jet exhaust durations and cavity refill times, in addition to inconsistent electrical 
activation hindered the high-frequency activation necessary for supersonic flow control applications.  
To supplement previous velocity
99
 and spectroscopic temperature measurements
107
 in quiescent, 
atmospheric conditions, properties of the LAFPA actuator were documented as a function of pressure 
(including a static pressure similar to that experienced by the base region of the separated axisymmetric 
flow) with emission spectroscopy and electrical measurements. Considering plasma current, location 
within the arc, and time within the pulse, these parameters were all observed to affect spectral signature. 
Estimating the temporal and spatial evolution of the plasma’s rotational and vibrational temperatures was 
hindered as a result of strong self-absorption, except under a limited range of conditions including low 
plasma currents, delay times early in the discharge, spatial locations near the edge of the plasma, or 
plasmas at low ambient pressures. For these successful cases, typical rotational temperatures were 
between 800 and 2000 K, while vibrational temperatures ranged between 3000 and 5000 K (depending on 
condition), suggesting a high degree of thermal non-equilibrium. At the base pressure condition, only 
spectra obtained at early times in the plasma pulse from the anode region for the ¼ and 1 amp discharges 
fit well to modeled spectra. At all times and locations within the emission for the 4 amp discharge, the 
measured spectra were noticeably optically thick, precluding high-fidelity fits to rotational and vibrational 
temperatures.  
5) Lastly, the use of energy deposition from pulsed electric-arc plasma discharges to actively control 
the separated supersonic axisymmetric base flow was investigated. Building on previous studies utilizing 
a similar electric-arc generator system,
22,23
 the flow control authority of the plasma actuators was 
evaluated for a range of plasma forcing parameters including frequency, pulse duration/duty cycle, phase 
delay between actuators (mode), and electrical current.  
 A preliminary characterization study was conducted to examine the actuator’s fluidic influence 
for different actuator geometries and energy addition. An inclined open cavity actuator design (4 mm by 2 
mm slot) with a plasma current of 4 amps was shown to produce significant disturbances in the shear 
layer of the base flow. These disturbances were able to be tracked along the shear layer with phase-locked 
PIV measurements. The other actuator geometries that considered utilizing a confined cavity with a small 
directed exhaust orifice (1, 2, and 2.5 mm diameter) generated less of an effect, if any, on the base flow. 
The influence of the orifice designs was likely reduced due to the restrictive exhaust area during both the 
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discharge and refill stages of actuation. Several plasma current/duty cycle combinations were evaluated 
for a single actuator before extending the electric arc system to eight actuators. The influence from 
plasma forcing combinations of 2 amps at 10% duty cycle, 3 amps at 8% duty cycle, and 4 amps at 6% 
duty cycle were compared against the no-control flow field. Each forcing case produced significant 
velocity disturbances and noticeably thicker shear layers (~10% thicker on average) compared to the no-
control case. The 4 amp plasma pulsed with 6% duty cycle demonstrated the largest velocity disturbance 
to both the inner and outer edges of the axisymmetric shear layer and was therefore selected for 
implementation into the eight-actuator base model for flow control experiments. 
The final sets of active flow control experiments were performed with an array of eight-actuators 
placed circumferentially around the base model using the open cavity actuator geometry. PIV and time-
averaged base pressure measurements were obtained to quantify the flow control authority of these active 
flow control devices. For a maximum 6% duty cycle and forcing frequency of 20 kHz, the peak percent 
change of the area-weighted base pressure was measured to be near -1.5%, experienced for the 
axisymmetric forcing mode. At this frequency, the vertical and horizontal flapping modes displayed 
positive changes in base pressure (as much as 1% increase from the no-control case). Substantial localized 
velocity perturbations were generated by the plasma actuators for all forcing cases. Increased plasma 
current (from ¼ to 4 amps) and duty cycle (from 2 to 6%) created larger velocity disturbances, which 
were linked to larger changes in base pressure; however, minor alterations to the structure of the near-
wake were observed.  
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Appendix A: Wind Tunnel Drawings
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Appendix B: Nozzle Coordinates 
The converging and diverging nozzle coordinates were measured with a Brown and Sharpe 
MicroVal coordinate measuring machine in the Metrology Lab of the Department of Mechanical Science 
and Engineering at UIUC.  
 Nozzle coordinates are given in axial and radial positions. The axial origin is placed at the throat, 
where the converging nozzle and diverging nozzle mate. Negative x measurements denote axial locations 
upstream of the throat (in the converging section); while positive x measurements denote axial locations 
downstream of the throat (in the diverging section). 
 
Converging Nozzle Coordinates: 
Axial Radial 
 
Axial Radial 
 
Axial Radial 
Position, x Position, r 
 
Position, x Position, r 
 
Position, x Position, r 
[in] [in] 
 
[in] [in] 
 
[in] [in] 
-3.8 4.718 
 
-2.5 2.711 
 
-1.2 2.167 
-3.7 4.107 
 
-2.4 2.650 
 
-1.1 2.142 
-3.6 3.842 
 
-2.3 2.592 
 
-1.0 2.120 
-3.5 3.658 
 
-2.2 2.538 
 
-0.9 2.099 
-3.4 3.508 
 
-2.1 2.488 
 
-0.8 2.081 
-3.3 3.380 
 
-2.0 2.441 
 
-0.7 2.065 
-3.2 3.271 
 
-1.9 2.397 
 
-0.6 2.051 
-3.1 3.174 
 
-1.8 2.356 
 
-0.5 2.038 
-3.0 3.083 
 
-1.7 2.319 
 
-0.4 2.026 
-2.9 2.998 
 
-1.6 2.284 
 
-0.3 2.016 
-2.8 2.918 
 
-1.5 2.252 
 
-0.2 2.009 
-2.7 2.844 
 
-1.4 2.222 
 
-0.1 2.004 
-2.6 2.775 
 
-1.3 2.194 
 
0.0* 2.001 
* Throat 
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Diverging Nozzle Coordinates: 
Axial Radial 
 
Axial Radial 
 
Axial Radial 
Position, x Position, r 
 
Position, x Position, r 
 
Position, x Position, r 
[in] [in] 
 
[in] [in] 
 
[in] [in] 
0.000* 2.003 
 
3.402 2.289 
 
6.802 2.729 
0.101 2.004 
 
3.503 2.305 
 
6.902 2.736 
0.202 2.005 
 
3.602 2.321 
 
7.002 2.743 
0.302 2.006 
 
3.702 2.338 
 
7.102 2.750 
0.402 2.009 
 
3.802 2.355 
 
7.202 2.757 
0.502 2.012 
 
3.902 2.372 
 
7.302 2.763 
0.603 2.015 
 
4.002 2.389 
 
7.402 2.770 
0.702 2.019 
 
4.102 2.406 
 
7.502 2.776 
0.802 2.024 
 
4.202 2.423 
 
7.602 2.782 
0.902 2.028 
 
4.303 2.439 
 
7.702 2.787 
1.002 2.034 
 
4.402 2.455 
 
7.802 2.792 
1.102 2.039 
 
4.502 2.471 
 
7.902 2.797 
1.202 2.046 
 
4.602 2.487 
 
8.003 2.802 
1.302 2.052 
 
4.702 2.502 
 
8.102 2.806 
1.403 2.058 
 
4.802 2.516 
 
8.202 2.810 
1.502 2.066 
 
4.902 2.530 
 
8.302 2.814 
1.602 2.073 
 
5.002 2.543 
 
8.402 2.817 
1.702 2.082 
 
5.102 2.556 
 
8.502 2.819 
1.802 2.091 
 
5.202 2.569 
 
8.602 2.822 
1.902 2.102 
 
5.302 2.581 
 
8.702 2.824 
2.002 2.112 
 
5.402 2.594 
 
8.802 2.827 
2.102 2.122 
 
5.502 2.605 
 
8.902 2.829 
2.202 2.132 
 
5.602 2.617 
 
9.002 2.832 
2.303 2.143 
 
5.702 2.628 
 
9.102 2.834 
2.402 2.154 
 
5.802 2.639 
 
9.202 2.836 
2.502 2.166 
 
5.902 2.649 
 
9.302 2.837 
2.603 2.178 
 
6.002 2.659 
 
9.402 2.838 
2.702 2.190 
 
6.102 2.669 
 
9.502 2.840 
2.802 2.203 
 
6.202 2.678 
 
9.602 2.842 
2.902 2.216 
 
6.303 2.688 
 
9.702 2.844 
3.002 2.229 
 
6.402 2.697 
 
9.802 2.846 
3.102 2.243 
 
6.502 2.705 
 
9.822 2.846 
3.202 2.258 
 
6.602 2.714 
   3.302 2.273 
 
6.702 2.721 
   * Throat  
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Appendix C: Pressure Transducer Calibration Procedure 
Included in this appendix are the procedures for statically calibrating pressure transducers. There 
are three different procedures: 1) Automatic PSI Calibration Procedure, 2) Manual PSI Calibration 
Procedure, and 3) Generate Pressures Procedure Using the PSI 9034. Before each procedure, a short 
description is provided. 
PSI refers to equipment manufactured by Pressure Systems, Inc. This includes the 9816 Pressure 
Scanners, 98RK Scanner Interface Rack, and 9034 Pressure Calibrator. NUSS (NetScanner Unified 
Startup Software) is the software that directly interfaces with and controls the aforementioned PSI 
equipment. For more information, please refer to the pressure scanner [C.1], pressure calibrator [C.2], and 
NUSS [C.3] user’s manuals.  
 
Automatic PSI Calibration Procedure: 
This written procedure is for calibrating PSI 9816 modules using the Multi-Point Calibrate 
command in NUSS. Calibration pressures (+ and -) will be controlled from the PSI 9034 Calibrator unit. 
Positive gauge pressure (SUPPLY) will be supplied by nitrogen tanks. Negative gauge pressure 
(VENT/VAC) will be supplied by the Edwards E2M2 vacuum pump.  
 
CAUTION: Never turn on N2 SUPPLY air to PSI 9034 Calibrator without having the vacuum 
pump on! That is, the vacuum pump should be the first to be turned on and the last to be 
turned off. 
 
1. Check physical calibration setup (vacuum pump, 9034, 98RK, nitrogen tank). Ensure components 
are correctly configured, especially tubing, as shown in Figure C-1. 
 
Figure C-1. Calibration setup schematic. 
2. Open Nuss_factory from the computer desktop. 
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3. Connect/Inititialize the 9034 Calibrator Unit 
o Right click the 9034-615 icon in the leftmost column Nodes on Network 
 Select Connect from drop down menu. 
 The selected module icon should turn yellow. 
 
4. Connect/Initialize the 9816 Module(s) 
o Right click module number(s) of module to be calibrated (ex: 194) 
 Select Connect from drop down menu. 
 The selected module icon(s) should turn yellow. 
 
5. Plumb 9034 OUTPUT to correct CAL port on 98RK.  See Figure C-1. 
CAL 4: ± 15 psid 
CAL 5: ± 30 psid 
6. Check that the module to be calibrated is listed in correct LRN (Logical Range Number). 
o Right click module number of module to be calibrated 
 Select Calibrate 
 Select Associate LRN 
 Check selected transducer’s LRN versus list below 
 Change LRN if necessary 
 Change Cal to or End with if necessary 
 
LRN 1: External Calibrator, Range: 0 to 14.7 psi 
LRN 3: External Calibrator, Range: 0 to 100 psi 
LRN 3: 9034-615 Calibrator, Range: -12 to 30 psi 
LRN 4: 9034-615 Calibrator, Range: -12 to 15 psi 
 
7. Calibrate multiple modules (GROUP) at once {OPTIONAL} 
o Select Group from Network Status window 
 Click green Group field 
 Select Group to calibrate 
 Check Make this Current Group box 
 Click OK 
 
8. Remove RED outlet plug and Turn on vacuum pump. 
 
9. Supply SUPPLY pressure to 9034 Calibrator and 98RK NetScanner 
o Ensure yellow ball valve to 9034 is closed. 
o Ensure blue exhaust valve is closed. 
o Open blue round handled valve to 98RK. 
o Open N2 bottle. 
o Adjust regulator to 80 psig. DO NOT EXCEED 110 psig! 
o Open ball valve (yellow handle) 
 
10. Begin MULTI-POINT CALIBRATION 
o Right click module number of module to be calibrated 
 Select Calibrate 
 Select Multi-Point 
 Check correct LRN option 
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 Press Adjust button  
o Let this sequentially calibrate according the pre-specified calibration points. It will take a 
few minutes. 
o Click Save button to save newly calculated zero and span coefficients. 
 
o Calibration complete! 
o You may view the calibration report by clicking the View button. 
o Exit 
 
11. Perform PRESSURE ACCURACY TEST  
o Select Test from Main NUSS window 
 Select Operator Sign-In 
 Enter calibration technician’s name (i.e., your name or initials)  
 Select Pressure Accuracy 
 Check correct LRN option 
 Press Run button 
 This will sequentially test the pre-determined pressure set points for the specific 
LRN. It will take a few minutes. 
o You may view the Pressure Accuracy Test report by clicking the View button.  
o Exit 
 
 
12. Turn off SUPPLY pressure to 9034 Calibrator 
o Adjust regulator to 0 psig 
o Open exhaust valve 
o Close ball valve (yellow handle) 
 
13. Turn off vacuum pump and Replace RED outlet plug. 
 
14.  Disconnect the 9816 Module(s) and 9034 Calibrator 
 
o Right click module number(s) 
 Select Disconnect from drop down menu. 
 Selected module icon(s) should turn from yellow to grey. 
 
15. Exit Nuss_factory 
o Select File in Main NUSS window. 
 Select Exit (NUSS) 
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Manual PSI Calibration Procedure: 
This written procedure is for manually calibrating PSI 9816 modules using the ‘Execute Command’ 
feature of the factory version of NUSS. It only outlines the ZERO and SPAN commands, not the 
MULTI_POINT CAL. ‘Zero’ and ‘span’ pressures will need to be supplied externally. This pressure can 
be supplied by the 9034 Calibrator for pressures less than or equal to 45 psia. 
1. Open Nuss_factory from the computer desktop. 
2. Connect/Initialize the 9816 module 
o  Right click module number of module to be calibrated (ex: 194). 
 Select Connect from drop down menu. 
 Selected module icon in left column, should turn yellow. 
3. Right click module number. 
o Select Execute Command. The Execute Command window opens. 
 
4. RE-ZERO CALIBRATION (page 4-4 in 98RK User Manual). 
 bold indicates what to type in ‘Command to Send:’ 
o Apply 0.0 psi differential to the appropriate CALx and CAL REF inputs on back of 98RK 
(open all CAL ports to atmosphere). 
o Place module calibration manifolds into the CAL position: w0C01 
o Delay for settling of pneumatic inputs. 
o Instruct module to calculate new offset coefficients for all 16 channels: hFFFF 
o Verify offset null of the measured data; response should be close to 0.000000: rFFFF0 
o Place calibration manifold back into RUN position: w0C00 
o Store new zero coefficients to transducer nonvolatile memory: w08 
 
5. SPAN CALIBRATION (page 4-5 in 98RK User Manual). 
For best results, a Re-Zero calibration should be performed before performing a span cal. 
o Place the module calibration manifolds into the CAL position: w0c01 
o Apply exact full scale pressure to the module CAL # (CAL 5 for +/-30 psid, and CAL 5 
for +/-100 psid <different than the manual says!>) 
 If using the 9034 Calibrator unit to generate pressures, refer to Generate 
Pressures Procedure Using the PSI 9034 on the next page. 
 If using an external pressure source, apply and sustain the desired span pressure. 
o Delay for settling of pneumatic inputs 
o Instruct module to calculate new offset coefficients for all 16 channels: ZFFFF XXXX 
Here XXXX = exact pressure applied 
o Verify measure data reads expected value: rFFFF0 
o Place calibration manifold back into the RUN position: w0C00 
6. Store new zero coefficients to transducer nonvolatile memory: w09 
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Generate Pressures Procedure Using the PSI 9034: 
This written procedure is to manually control the output from the 9034 Calibrator unit. It utilizes the 
‘Execute Command’ feature of the factory version of NUSS (Nuss_factory). This can be used to generate 
positive pressures (up to 45 psia) or negative gauge pressures (down to approximate -12 psig). 
1. Open Nuss_factory from the computer desktop, if not already open. 
2. Connect/Initialize the 9034 Calibrator unit. 
o Right click 9034 Calibrator. 
 Select Connect from drop down menu. 
 Selected module icon in left column, should turn yellow. 
3. GENERATE PRESSURE 
o Right click 9034 Calibrator 
 Select Execute Command. The Execute Command window opens 
 
o Read differential pressure (Psupply/Pvent – Pref): r00010   
o Open the  Supply solenoid valve: w0910   
o Generate XX.XX psi: p001 XX.XX  
o Read the differential pressure. Should be the specified XX.XX: r00010 
o ** This is when you would enter 9016 commands for calibrating 
o Stop generating pressure: p000 
o Close the Supply solenoid valve: w0810 
 
 
 
APPENDIX C: REFERENCES 
 
C.1 Rackmount Intelligent Pressure Scanners User’s Manual (Model 98RK & Model 9816). Esterline 
Pressure Systems, Inc. 2001. 
 
C.2 9032/9033 Pressure Standard, 9034/9038 Pressure Calibrator User’s Manual. Esterline Pressure 
Systems, Inc. 2008. 
 
C.3 NetScanner Unified Start Software (NUSS) User’s Manual. Esterline Pressure Systems, Inc. 
2007. 
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Appendix D: Tunnel Instrumentation Control Display Wiring Diagram 
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Appendix E: Model Drawings
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Appendix F: Plasma and High Voltage Safety and Operation Procedures 
 
General Safety Considerations: 
1. Put on general personal protective equipment (i.e., safety glasses, etc.) 
2. No jewelry, watches, or loose metal objects are allowed to be on your person while working on 
circuitry or running the actuators. 
3. All operators need a safety briefing and CPR training before beginning work. 
4. Make sure power supply is off and capacitor is drained before touching hot or ground 
leads/electrodes. 
5. Make sure all circuits are disconnected/turned off/discharged before working on them. 
6. Ensure the wind tunnel/work bench is grounded.  This can be confirmed with a 
continuity/resistance test.  Redundancy in grounding is encouraged, but use star grounding to 
eliminate ground loops. 
7. Only use one hand when working on any circuits. Put other hand in pocket or behind back. 
8. Ensure high-voltage electrode is isolated from potential grounds. 
9. Use the electrically insulated gloves when directly probing the HV. 
10. Give the power supply capacitors time (> 10 minutes) to discharge before opening the cover to 
the PS generator for any reason. 
11. Electrical safety gloves need to be periodically air tested for good integrity every six months.  
They also need to be sent in for testing after twelve months of use. 
12. These protocols and safety considerations are working-documents and should be updated as 
necessary. 
 
EMERGENCY PROCEDURE: 
In the event of a high-voltage emergency, use common sense to determine the best course of action. 
Below is a general procedural guideline.  
 
1. Call 911 (9-911 from a campus phone) as soon as is safely possible. 
2. Assess the situation and ensure the immediate area is safe. 
3. Assume all wires and circuitry components are at high-voltage. 
4. Turn off high voltage at power supply and/or de-energize 3-phase power from wall/electrical 
disconnect by throwing switch down, if accessible. 
5. Even though power is off, some components (e.g., capacitors, etc.) may remain charged and at high 
voltage. 
6. If the victim remains in contact with the electrical circuit, use caution. 
 Use electrically insulated gloves to isolate yourself and remove the victim from the 
circuit. 
 Use insulated rod (e.g., wooden broom handle or stick) to remove victim from power 
source. 
7. Administer CPR, if necessary. 
8. Administer other first aid, as necessary. 
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Pulsed Plasma Jet - Operation Protocol 
Checklist for Setup, Operation, and Shut Down 
Version 3 (June 13, 2013) 
SETUP 
1. Two trained people must be in the lab at all times when the HV is on. 
2. Know the emergency procedures to follow in case of an accident (dial 911). 
3. Know your equipment and circuitry components. 
4. Check all electrical connections.  Ensure solid connections, adequate spacing, and no shorts. 
5. Prepare testing apparatus.  Ensure apparatus is grounded and all power supplies are grounded to 
the wall receptacle ground and a good earth ground (if necessary). 
6. Confirm all electrodes are connected electrically and that power lines are not grounding out on 
tables, other wires, etc. Turn on function generator.  Set desired frequency and duty cycle. 
7. Confirm all appropriate signal connections between the circuit and function generator. 
8. Before turning on power supply, double check connections and grounds.  Ensure all BNC and 
low-voltage lines are clear of high voltage wires. Use a probe to check for continuity for any new 
configuration. 
9. Make sure all shields and guards are in place. 
 
OPERATION 
10. Make sure all circuit modifications are complete before proceeding.  No Lock out – Tag out 
procedure is necessary, but be aware of power supply status (plugged in, turned off, turned on). 
11. Ensure the experiment’s current is within the system’s limits. Set voltage and current to 
appropriate settings. Do not touch circuitry after. 
 If new electronic configuration, turn the voltage setting and the current setting to the lowest 
possible value. Slowly, increase voltage being sure to use caution to isolate yourself.  
12. If using Ignitor10 HV trigger, set triggering switch to desired mode with black/red knob, prior to 
turning unit on. NOTE: verify knob positions prior to turning on. 
 Single discharge via Push button 
 Internal pulse rate determined by rubber knob 
 External triggering from RCA/BNC jack 
Turn Ignitor10 power on by turning rubber knob clockwise. 
13. Use appropriate HV personal protective equipment (HV gloves with leather protectors and face 
shield), if necessary. 
14. Initiate voltage on power supply.  
15. Perform a ‘live’continuity / overload check. Use only one hand to touch components/cart/PS/etc.  
Monitor for appropriate output signals using the Agilent 1/1000x HV probe. 
16. Set apparatus / facility for desired flow conditions.   
17. CAUTION: Due to large energy deposition from capacitors, a significant ‘pop’ sound and bright 
discharge will occur. Use caution when viewing the discharge. 
18. Acquire required data set. 
 
SHUT DOWN 
19. Deactivate voltage from power supply. 
20. Turn off Ignitor10 HV trigger by turning rubber knob counter-clockwise. 
21. Ensure all capacitors have been drained, by shorting capacitor leads with discharging wand, 
resistor, or switch. 
22. CAUTION: ALLOW ADEQUATE TIME FOR CAPACITOR TO DRAIN.  LARGER 
CAPACITANCE MEANS LONGER DISCHARGE TIME. CHECK WITH HV PROBE AND 
MULTIMETER BEFORE TOUCHING. 
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END OF DAY / FINAL SHUTDOWN 
23. Make sure the power supplies are deactivated and turned off. 
24. Make sure Ignitor10 power is turned off.  
25. Double check capacitor drainage and any points in question with the HV probe. 
26. Remove capacitor from circuitry or short capacitor leads.  
27. Turn off the rest of the power supplies, cooling fans, and surge protectors.  
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LAFPA - Operation Protocol 
Checklist for Setup, Operation, and Shut Down 
Version 5 (June 13, 2013) 
 
SETUP 
1. Two trained people must be in the lab at all times when the HV is on. 
2. Know the emergency procedure to follow in the event of an emergency. 
3. Plug in and turn on the surge protectors. 
4. Ensure all cooling fans are operating normally. 
5. Check all electrical connections.  Ensure solid connections, adequate spacing, and no shorts. 
6. Prepare facility / wind tunnel.  Ensure facility is grounded and that the cart is grounded to the 
wall receptacle ground and a good earth ground. 
7. Confirm anode and cathode connected electrically and that ground/power lines are not grounding 
out on tables, other wires, etc. Ensure all BNC and low-voltage lines are clear of high voltage 
wires. 
8.a If using the PCB: Turn on 5 V (15 V and 85 V, if necessary) power supplies. Ensure appropriate 
voltage setting (~5.6 – 6 V), stability of voltage signal, and that the current is adequate to 
maintain signal.  Check jumper between (-) and (gnd). 
8.b If using the optical isolation signal transmitter/receiver set: Connect battery to signal transmitter. 
9. Confirm all appropriate signal connections to the PCB or optical isolation transmitter/receivers. 
10. Turn on function generator.  Set desired frequency and duty cycle. Know and verify that the duty 
cycle is within safe operating limits of the installed resistors. 
11. Ensure coolant level is adequate and that both valves are fully open (valve handle in line with 
coolant lines).  Then, power on the cooling tower.  Slowly close the bypass coolant line ball valve 
until a flow rate of 1 GPM is achieved.  The pressure should be around 5 psi.  Do not allow the 
pressure to surpass 10 psi. Check for leaks.  Fix any leaks before proceeding.   Do not allow the 
temperature of the coolant to exceed 100 deg. F.  (Note: opening both valves initially is preferred 
rather than leaving them in their previous position because of pressure spikes that can occur 
during startup.) Note coolant level. 
12. Before turning on HV, double check connections, grounds, and leaks.  Use a probe to check for 
continuity for any new configuration. 
13. Make sure all shields and guards are in place.  Hang the two rubber mats (front and back, with 
eyelets) from their respective bolts.  Be sure to affix the mat to both the top and bottom bolts. 
14. Place the remote OFF switch in the desired location for easy access. 
 
START UP 
15. Unlock/untag the Lock out-Tag out (LOTO) setup from the power disconnect and energize 3-
phase power to HV DC PS by throwing switch upward.  Do not touch the middle level of the cart 
after unlocking the LOTO setup. 
16. Turn on HV DC PS by flipping the PS’s breaker.  Ensure positive polarity.  Set voltage and 
current to appropriate settings. Ensure current limit exceeds desired max. 
 If new electronic configuration, turn the voltage setting to zero and the current setting to .01 
A. Slowly, increase voltage being sure to use caution to isolate yourself.   
17. Initiate HV on HV DC PS with green push button.  
18. Monitor for appropriate output signals using the Agilent 1/1000x HV probe and/or Pearson 
current probe. 
19. Set facility for desired flow conditions.   
20. Acquire required data set. 
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SHUT DOWN 
21. Turn off plasma by turning off the HV on the HV DC PS with red push button or remote OFF 
switch. 
22. Observe the voltage drain to ~0.03 kV on HV DC PS meter. 
23. CAUTION: ALLOW ADEQUATE TIME (~ 1 minute for LAFPA capacitor) FOR HV PS 
CAPACITOR TO DRAIN.   
24. When finished testing or if HV circuit modifications need to be made, turn off the HV DC PS 
using the front panel breaker. 
25. De-energize 3-phase power from wall electrical disconnect by throwing switch down.  Be sure to 
lock out/tag out the disconnect. 
26. Check with HV probe and multimeter before touching. 
 
END OF DAY / FINAL SHUTDOWN 
27. Make sure the HV is off first (including HV PS unit breaker and wall disconnect with lock out-
tag out procedure; double check capacitor drainage and any points in question with the HV 
probe). 
28. Turn off the remaining power supplies,  
29. Restore the coolant valves to the fully opened position. Power down the cooling tower. 
30. Check for any potential leaks that may have developed. Check final coolant level/mark if 
changed. 
31. Turn off surge protectors. 
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Safety-Spotter Protocol 
Version 3 (June 13, 2013) 
 
This safety protocol document is intended for personnel who act as safety-spotters in the laboratory, but 
are not necessarily trained for working on or operating high-voltage circuitry. 
 
General High-Voltage Safety Considerations: 
1. Two people with the appropriate training must be in the lab at all times when the HV is on. 
Proper training includes: 
 Regular electrical safety training (UIUC DRS web training) 
 HV electrical safety training 
 Emergency procedure training 
 CPR training 
2. Know the emergency procedure (see below) to follow in case of an accident.  
3. Know where the closest phone is or have your cell phone readily available. 
4. Know the specific details of your facility, specifically where the power switches are located. 
5. No jewelry, watches, or loose metal objects are allowed to be on your person while working on 
circuitry. 
6. Electrically insulated gloves and arc flash face shield are available for use when directly probing 
the HV or contacting possible HV components. 
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Appendix G: Additional Emission Spectroscopy Results 
a)  b)  c)  
d)  e)  f)  
g)  h)  i)  
Figure G-1. Emission spectra from the 4 amp LAFPA actuator operated at a pulsing repetition rate of 10 kHz and 10% duty cycle (pulse duration of 10 μs)  
for nine ambient pressures at a delay time of 100 ns from the plasma initiation. 
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a)  b)  c)  
d)  e)  f)  
g)  h)  i)  
Figure G-2. Emission spectra from the 1 amp LAFPA actuator operated at a pulsing repetition rate of 5 kHz and 10% duty cycle (pulse duration of 20 μs)  
for nine ambient pressures at a delay time of 100 ns from the plasma initiation. 
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